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Sir: 

1, Audrey D. Goddard, Ph.D. do hereby declare and say as follows: 

1 . I am a Senior Clinical Scientist at the Experimental Medicine/BioOncology, Medical 
Affairs Department of Genentech, Inc., South San Francisco, California 94080. 

2. Between 1993 and 200 1,1 headed the DNA Sequencing Laboratory at the Molecular 
Biology Department of Genentech, Inc. During this time, my responsibilities included the 
identification and characterization of genes contributing to the oncogenic process, and determination 
of the chromosomal localization of novel genes. 

3. My scientific Curriculum Vitae, including my list of publications, is attached to and 
forms part of this Declaration (Exhibit A). 
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4. I am familiar with a variety of techniques known in the art for detecting and 
= quantifying the amplification of oncogenes in cancer, including the quantitative TaqMan PCR (i.e., 

"gene amplification") assay described in the above captioned patent application. 

5. The TaqMan PCR assay is described, for example, in the following scientific 
publications; Higuchi et al, Biotechnology 10:413-417 (1992) (Exhibit B); Livak et al, PCR 
Methods Appl,, 4:357-362 (1995) (Exhibit C> and Heid et g/.,' Genome Res. 6:986-994 (1996) . 
(Exhibit D). Briefly, the assay is based on the principle that successful PCR yields a fluorescent 
signal due to Taq DNA polymerase-mediated exonuclease digestion of a fluorescently labeled 
oligonucleotide that is homologous to a sequence between two PCR primers. The extent of 
digestion depends directly on the amount of PCR, and can be quantified accurately by measuring the 
increment in fluorescence that results from decreased energy transfer. This is an extremely sensitive 
technique, which allows detection in the exponential phase of tie PCR reaction and, as a result, 
leads to accurate determination of gene copy number. 

6. The quantitative fluorescent TaqMan PCR assay has been extensively and 
successfully used to characterize genes involved in cancer development and progression.. , 
Amplification of protooncogenes has been studied in a variety of human tumors, and is widely 
considered as having etiological, diagnostic and prognostic significance. This use of the quantitative 
TaqMan PCR assay is exemplified by the following scientific publications: Pennica et al, Proc. 
Natl. Acad. Sci USA 95(25): 147 17- 14722 (1998) (Exhibit E); Pitti e/ al. Nature 
396(6712);699-703 (1998) (Exhibit F) and Bieche et al, Int. J. Cancer 78:661-666 (1998) (Exhibit 
G), the first two of which I am co-author. In particular, Pennica et al have used the quantitative 
TaqMan PCR assay to study relative gene amplification of WISP and c-myc in various cell lines, 
colorectal tumors and normal mucosa. Pitti et al: studied the genomic amplification of a decoy 
receptor for Fas ligand in lung and colon cancer, using the quantitative TaqMan PCR assay. Bieche 
et al used the assay to study gene amplification in breast cancer. 
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7. It is my personal experience that the quantitative TaqMan PCR technique is 
technically sensitive enough to detect at least a 2-fold increase in gene copy number relative to 
control. It is further my considered scientific opinion that an at least 2-fold increase in gene copy 
number in a tumor tissue sample relative to a normal (i.e., non-tumor) sample is significant and 
useful in that the detected increase in gene copy number in the tumor sample relative to the normal 
sample serves as a basis for using relative gene copy number as quantitated by the TaqMan PCR 
technique as a diagnostic marker for the presence or absence of tumor in a tissue sample of unknown 
pathology. Accordingly, a gene identified as being amplified at least 2-fold by the quantitative 
TaqMan PCR assay in a tumor sample relative to a normal sample is useful as a marker for the 
diagnosis of cancer, for monitoring cancer development and/or for measuring the efficacy of cancer 
therapy. 

8. I declare further that all statements made herein of my own knowledge are true and 
that all statements made on information and belief are believed to be true. I declare that these 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code, and that such willful false statements may jeopardize the validity of the application or any 
patent issuing thereon. 
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PROFESSIONAL EXPERIENCE 

Genentech, Inc. 1993-present 
South San Francisco, CA 

2001 - present Senior Clinical Scientist 

Experimental Medicine / BioOncology, Medical Affairs 

Responsibilities: 

• Companion diagnostic oncology products 

• Acquisition of clinical samples from Genentech's clinical trials for translational research 

• Translational research using clinical specimen and data for drug development and 
diagnostics 

• Member of Development Science Review Committee, Diagnostic Oversight Team, 21 CFR 
Part 11 Subteam 

Interests: 

• Ethical and legal implications of experiments with clinical specimens and data 

• Application of pharmacogenomics in clinical tn'als 



1998 -2001 Senior Scientist 

Head of the DNA Sequencing Laboratory, Molecular Biology Department, Research 
Responsibilities: 

• Management of a laboratory of up to nineteen -including postdoctoral fellow, associate 
scientist, senior research associate and research assistants/associate levels 

• Management of a $750K budget 

• DNA sequencing core facility supporting a 350+ person research facility. 

• DNA sequencing for high throughput gene discovery, - ESTs, cDNAs, and constructs 

• Genomic sequence analysis and gene identification 

• DNA sequence and primary protein analysis 

Research: 

• Chromosomal localization of novel genes 

• Identification and characterization of genes contributing to the oncogenic process 

• Identification and characterization of genes contributing to inflammatory diseases 

• Design and development of schemes for high throughput genomic DNA sequence analysis 

• Candidate gene prediction and evaluation 
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1993-1998 Scientist 

Head of the DNA Sequencing Laboratory, Molecular Biology Department, Research 
Responsibilities 

• DNA sequencing core facility supporting a 350+ person research facility 

• Assumed responsibility for a pre-existing team of five technicians and expanded the group 
into fifteen, introducing a level of middle management and additional areas of research 

• Participated in the development of the basic plan for high throughput secreted protein 
discovery program - sequencing strategies, data analysis and tracking, database design 

• High throughput EST and cDNA sequencing for new gene identification. 

• Design and implementation of analysis tools required for high throughput gene identification. 

• Chromosomal localization of genes encoding novel secreted proteins. 
. Research: 

• Genomic sequence scanning for new gene discovery. 

• Development of signal peptide selection methods. 

• Evaluation of candidate disease genes. 

• Growth hormone receptor gene SNPs in children with Idiopathic short stature 

Imperial Cancer Research Fund 1 989-1 992 

London, UK with Dr. Ellen Solomon 

6/89-12/92 Postdoctoral Fellow 

• Cloning and characterization of the genes fused at the acute promyelocyte leukemia 
translocation breakpoints on chromosomes 17 and 15. 

• Prepared a successfully funded European Union multi-center grant application 

McMaster University 1983 
Hamilton, Ontario, Canada with Dr. G. D. Sweeney 

5/83 - 8/83: NSERC Summer Student 

• In vitro metabolism of p-naphthoflavone in C57BI/6J and DBA mice 



EDUCATION 



"Phenotypic and genotypic effects of mutations in Univereity of Toronto 

the human retinoblastoma gene." Toronto, Ontario Canada. 1 989 

Supervisor: Dr. R. A. Phillips Department of Med.cal 

^ Biophysics. 

Honours B.Sc McMaster University, 

"The in vitro metabolism of the cytochrome P-448 Hamilton, Ontario, Canada. 1983 

inducer p-naphthoflavone in C57BL/6J mice." Department of Biochemistry 
Supervisor: Dr. G. D, Sweeney 
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ACADEMIC AWARDS 



Imperial Cancer Research Fund Postdoctoral Fellowship 

Medical Research Council Studentship 

NSERC Undergraduate Summer Research Award 

Society of Chemical Industry Merit Award (Hons. Biochem.) 

Dr. Harry Lyman Hooker Scholarship 

J.L.W. Gill Scholarship 

Business and Professional Women's Club Scholarship 
Wyerhauser Foundation Scholarship 



1981-1983 
1981-1982 
1980-1981 
1979-1980 



1989-1992 
1983-1988 
1983 



1983 



INVITED PRESENTATIONS 

Genentech's gene discovery pipeline: High throughput identification, cloning and 
characterization of novel genes. Functional Genomics: From Genome to Function, Litchfield 
Park, AZ, USA. October 2000 

High throughput identification, cloning and characterization of novel genes. G2K:Back to 
Science, Advances in Genome Biology and Technology I. Marco Island, FL, USA. February 
2000 

Quality control in DNA Sequencing: The use of Phred and Phrap. Bay Area Sequencing 
Users Meeting, Berkeley, CA, USA. April 1999 

High throughput secreted protein identification and cloning. Tenth International Genome 
Sequencing and Analysis Conference, Miami, FL, USA. September 1998 

The evolution of DNA sequencing: The Genentech perspective. Bay Area Sequencing Users 
Meeting, Berkeley, CA, USA. May 1998 

Partial Growth Hormone Insensitivity: The role of GH-receptor mutations in Idiopathic Short 
Stature. Tenth Annual National Cooperative Growth Study Investigators Meeting, San 
Francisco, CA, USA. October, 1 996 

Growth hormone (GH) receptor defects are present in selected children with non-GH-deficient 
short stature: A molecular basis for partial GH-insensitivity. 76 th Annual Meeting of The 
Endocrine Society, Anaheim, CA, USA. June 1994 

A previously uncharacterized gene, myl, is fused to the retinoic acid receptor alpha gene in 
acute promyelocyte leukemia. XV International Association for Comparative Research on 
Leukemia and Related Disease, Padua, Italy. October 1991 
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PATENTS 

Goddard A, Godowski PJ, Gurney AL NL2 Tie ligand homologue polypeptide. Patent 
Number: 6,455,496. Date of Patent: Sept. 24, 2002. 

Goddard A, Godowski PJ and Gurney AL. NL3 Tie ligand homologue nucleic acids. Patent 
Number: 6.426,218. Date of Patent: July 30, 2002. 

Godowski P, Gurney A, Hillan KJ, Botstein D, Goddard A, Roy M, Ferrara N, Tumas D, 
Schwall R. NL4 Tie ligand homologue nucleic acid. Patent Number: 6,4137,770. Date of 
Patent: July 2. 2002. 

Ashkenazi A, Fong S, Goddard A, Gurney AL, Napier MA, Tumas D, Wood Wl. Nucleic acid 
encoding A-33 related antigen poly peptides. Patent Number: 6,410,708. Date of Patent" 
Jun. 25, 2002. 

Botstein DA, Cohen RL, Goddard AD, Gurney AL, Hillan KJ,. Lawrence DA, Levine AJ, 
Pennica D, Roy MA and Wood WL WISP polypeptides and nucleic acids encoding same. 
Patent Number: 6,387,657. Date of Patent: May .14, 2002. 

Goddard A, Godowski PJ and Gurney AL. Tie ligands. Patent Number: 6,372,491. Date of 
Patent: April 16, 2002. 

Godowski PJ, Gurney AL, Goddard A and Hillan K. TIE ligand homologue antibody. Patent 
Number: 6,350,450. Date of Patent: Feb. 26, 2002. 

Fong S, Ferrara N, Goddard A, Godowski PJ, Gurney AL, Hillan K and Williams PM. Tie 
receptor tyrosine kinase ligand homologues. Patent Number: 6,348,351. Date of Patent: 
Feb. 19, 2002. 

Goddard A, Godowski PJ and Gurney AL; Ligand homologues. Patent Number: 6,348,350. 
Date of Patent: Feb. 19, 2002. 

Attie KM, Carisson LMS, Gesundheit N and Goddard A. Treatment of partial growth 
hormone insensitivity syndrome. Patent Number: 6,207,640. Date of Patent: March 27, 
2001. 

Fong S, Ferrara N, Goddard A, Godowski PJ, Gurney AL, Hillan K and Williams PM. Nucleic 
acids encoding NL-3. Patent Number: 6,074,873. Date of Patent: June 13, 2000 

Attie K, Carisson LMS, Gesunheit N and Goddard A. Treatment of pa rtial growth hormone 
insensitivity syndrome. Patent Number: 5,824,642. Date of Patent: October 20, i 998 

Attie K, Carisson LMS, Gesunheit N and Goddard A. Treatment of partial growth hormone 
insensitivity syndrome. Patent Number: 5,646,1 13. Date of Patent: July 8, 1997 

Multiple additional provisional applications filed 
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PUBLICATIONS 

Seshasayee D, Dowd P, Gu Q, Erickson S, Goddard AD Comparative sequence analysis of 
the HER2 locus in mouse and man. Manuscript in preparation. 

Abuzzahab MJ, Goddard A, Grigorescu F, Lautier C, Smith RJ and Chernausek SD. Human 
IGF-1 receptor mutations resulting in pre- and post-natal growth retardation. Manuscript in 
preparation. 

Aggarwal S, Xie, M-H, Foster J, Frantz G, Stinson J, Corpuz RT, Simmons L, Hillan K, 
Yansura DG, Vandlen RL, Goddard AD and Gurney AL. FHFR, a novel receptor for the 
fibroblast growth factors. Manuscript submitted. 

Adams SH, Chui C, Schilbach SL, Yu XX, Goddard AD, Grimaldi JC, Lee J, Dowd P, Colman 
S., Lewin DA. (2001) BFIT, a unique acyl-CoA thioesterase induced in thermogenic brown 
adipose tissue: Cloning, organization of the human gene, and assessment of a potential link 
to obesity. Biochemical Journal 360: 135-142. 

Lee J. Ho WH. Maruoka M. Corpuz RT. Baldwin DT. Foster JS. Goddard AD: Yansura DG. 
Vandlen RL. Wood Wl. Gurney AL. (2001) IL-17E, a novel proinflammatory ligand for the IL- 
1 7 receptor homolog lL-1 7Rh1 . Journal of Biological Chemistry 276(2): i 660-1 664. 

Xie M-H, Aggarwal S, Ho W-H, Foster J, Zhang Z, Stinson J, Wood Wl, Goddard AD and 
Gurney AL. (2000) Interleukin (ll_)-22, a novel human cytokine that signals through the 
interferon-receptor related proteins CRF2-4 and IL-22R. Journal of Biological Chemistry 275: 
31335-31339. 

Weiss GA, Watanabe CK, Zhong A, Goddard A and Sidhu SS. (2000) Rapid mapping of 
protein functional epitopes by combinatorial alanine scanning. Proc. Natl. Acad. Sci. USA 97: 
8950-8954. 

Guo S, Yamaguchi Y, Schilbach S. Wada T.;Lee J, Goddard A, French D , Handa H, 
Rosenthal A. (2000) A regulator of transcriptional elongation controls vertebrate neuronal 
development. Nature 408: 366-369. 

Yan M, Wang L-C, Hymowitz SG, Schilbach S, Lee J, Goddard A, de Vos AM, Gao WQ, Dixit 
VM. (2000) Two-amino acid molecular switch in an epithelial morphogen that regulates 
binding to two distinct receptors. Science 290: 523-527. 

Sehl PD, Tai JTN, Hillan KJ, Brown LA, Goddard A, Yang R, Jin H and Lowe DG. (2000) 
Application of cDNA micrbarrays in determining molecular phenotype in cardiac growth, 
development, and response to injury. Circulation 101: 1990-1999. 

Guo S, Brush J, Teraoka H, Goddard A, Wilson SW, Mullins MC and Rosenthal A. (1999) 
Development of noradrenergic neurons in the zebrafish hindbrain requires BMP, FGF8, and 
the homeodomain protein soulless/Phox2A. Neuron 24: 555-566. 

Stone D, Murbne, M, Luoh, S, Ye W, Armanini P, Gurney A, Phillips HS, Brush, J, Goddard 
A, de Sauvage FJ and Rosenthal A. (1999) Characterization of the human suppressor Of 
fused; a negative regulator of the zinc-finger transcription factor Gli. J. Cell Sci. 1 12: 4437- 
4448. 

Xie M-H, Holcomb I, Deuel B, Dowd P, Huang A, Vagts A, Foster J, Liang J, Brush J, Gu Q, 
Hillan K, Goddard A and Gurney, A.L. (1999) FGF-19, a novel fibroblast growth factor with 
unique specificity for FGFR4: Cytokine 1 1 : 729-735. 
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Yan M, Lee J, Schilbach S, Goddard A and Dixit V. (1999) mE10, a novel caspase 
recruitment domain-containing proapoptotic molecule. J. Biol. Chem. 274(15): 10287-10292. 

Gurney AL, Marsters SA, Huang RM, Pitti RM, Mark DT, Baldwin DT, Gray AM, Dowd P, 
Brush J, Heldens S, Schow P, Goddard AD, Wood.WI, Baker KP, Godowski PJ and 
Ashkenazi A. (1 999) Identification of a new member of the tumor necrosis factor family and its 
receptor, a human ortholog of mouse GITR. Current Biology 9(4): 21 5-21 8. 

Ridgway JBB, Ng E, Kern JA ,Lee J, Brush J, Goddard A and Carter P. (1999) Identification 
of a human anti-CD55 single-chain Fv by subtractive panning of a phage library using tumor 
and nontumor cell lines. Cancer Research 59: 2718-2723. 

Pitti RM, Marsters SA, Lawrence DA, Roy M, Kischkel FC, Dowd P, Huang A, Donahue CJ, 
Sherwood SW, Baldwin DT, Godowski PJ, Wood Wl, Gurney AL, Hillan KJ, Cohen RL, 
Goddard AD, Botstein D and Ashkenazi A. (1998) Genomic amplification of a decoy receptor 
for Fas ligand in lung and colon cancer. Nature 396(6712): 699-703. 

Pennica D, Swanson TA, Welsh JW, Roy MA, Lawrence DA, Lee J, Brush J, Taneyhill LA, 
Deuel B, Lew M, Watanabe C, Cohen RL, Melhem MF, Finley GG, Quirke P, Goddard AD, 
Hillan KJ, Gurney AL, Botstein D and Levine AJ. (1998) WISP genes are members of the 
connective tissue growth factor family that are up-regulated in wnt-1 -transformed cells and 
aberrantly expressed in human colon tumors. Proc. Natl. Acad. Sci. USA 95(25)- 14717- 
14722. 

Yang RB, Mark MR, Gray A, Huang A, Xie MH, Zhang M, Goddard A, Wood Wl, Gurney AL 
and Godowski PJ. (1998) Toll-like receptor-2 mediates lipopolysaccharide-induced cellular 
signalling. Nature 395(6699): 284-288. 

Merchant AM, Zhu Z, Yuan JQ, Goddard A, Adams CW, Presta LG and Carter P. (1998) An 
efficient^route to human bispecific IgG. Nature Biotechnology 1 6(7): 677-681 . 

Marsters SA, Sheridan JP, Pitti RM, Brush J, Goddard A and Ashkenazi A. (1998) 
Identification of a ligand for the death-domain-containing receptor Apo3. Current Biology 8(9V 
525-528. 

Xie J, Murone M, Luoh SM, Ryan A, Gu Q, Zhang C, Bonifas JM, Lam CW, Hynes M, 
Goddard A, Rosenthal A, Epstein EH Jr. and de Sauvage FJ. (1998) Activating Smoothened 
mutations in sporadic basal-cell carcinoma. Nature. 391(6662): 90-92. 

Marsters SA, Sheridan JP, Pitti RM, Huang A, Skubatch M, Baldwin D, Yuan J, Gurney A, 
Goddard AD, Godowski P and Ashkenazi A. (1 997) A novel receptor for Apo2L/TRAIL 
contains a truncated death domain. Current Biology. 7(12): 1003-1006. 

Hynes M, Stone DM, Dowd M, Pitts-Meek S, Goddard A, Gurney A and Rosenthal A. (1997) 
Control of cell pattern in the neural tube by the zinc finger transcription factor Gli-1. Neuron 
19: 15-26. 

Sheridan JP, Marsters SA, Pitti RM, Gurney A., Skubatch M, Baldwin D, Ramakrishnan L, 
Gray CL, Baker K, Wood Wl, Goddard AD, Godowski P, and Ashkenazi A. (1997) Control of 
TRAIL-lnduced Apoptosis by a Family of Signaling and Decoy Receptors. Science 277 
(5327): 818-821. 
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Goddard AD, Dowd P, Chernausek S, Geffner M, Gertner J, Hintz R, Hopwood N, Kaplan S, 
Plotnick L, Rogol A, Rosenfield R, Saenger P, Mauras N, Hershkopf R, Angulo M and Attie, K. 
(1997) Partial growth hormone insensitivity: The role of growth hormone receptor mutations in 
idiopathic short stature. J. Pediatr. 131: S51-55. 

Klein RD, Sherman D, Ho WH, Stone D, Bennett GL, Moffat B. Vandlen R, Simmons L, Gu Q, 
Hongo JA, Devaux B, Poulsen K, Armanini M, Nozaki C, Asai N, Goddard A, Phillips H, 
Henderson CE, Takahashi M and Rosenthal A. (1997) A GPI-linked protein that interacts with 
Ret to form a candidate neurturin receptor. Nature. 387(6634): 717-21 . 

Stone DM, Hynes M, Armanini M, Swanson TA, Gu Q, Johnson RL, Scott MP, Pennica D, 
Goddard A, Phillips H, Noll M, Hooper JE, de Sauvage F and Rosenthal A. (1996) The 
tumour-suppressor gene patched encodes a candidate receptor for Sonic hedgehog. Nature 
384(6605): 129-34. 

Marsters SA, Sheridan JP, Donahue CJ, Pitti RM, Gray CL, Goddard AD, Bauer KD and 
Ashkenazi A. (1996) Apo-3, a new member of the tumor necrosis factor receptor family, 
contains a death domain and activates apoptosis and NF-kappa p. Current Biology 6(12): 
1669-76. 

Rothe M, Xiong J, Shu HB, Williamson K, Goddard A and Goeddel DV. (1996) l-TRAF is a 
novel TRAF-interacting protein that regulates TRAF-mediated signal transduction. Proc. Natl. 
Acad. Sci. USA 93: 8241-8246. 

Yang M, Luoh SM, Goddard A Reilly D, Henzel W and Bass S. (1996) The bglX gene 
located at 47.8 min on the Escherichia coli chromosome encodes a periplasmic beta- 
glucosidase. Microbiology 142: 1659-65. 

Goddard AD and Black DM. (1996) Familial Cancer in Molecular Endocrinology of Cancer. 
Waxman, J. Ed. Cambridge University Press, Cambridge UK, pp.1 87-21 5. 

Treanor JJS, Goodman L, de Sauvage F, Stone DM, Poulson KT, Beck CD, Gray C, Armanini 
MP, Pollocks RA, Hefti F, Phillips HS, Goddard A, Moore MW, Buj-Bello A, Davis AM, Asai N, 
Takahashi M, Vandlen R, Henderson CE and Rosenthal A. (1996) Characterization of a 
receptor for GDNF. Nature 382: 80-83. 

Klein RD, Gu Q, Goddard A and Rosenthal A. (1996) Selection for genes encoding secreted 
proteins and receptors. Proc. Natl. Acad. Sci. USA 93: 7108-7113. 

Winslow JW, Moran P, Valverde J, Shih A, Yuan JQ, Wong SC, Tsai SP, Goddard A, Henzel 
WJ, Hefti F and Caras I. (1995) Cloning of AL-1, a ligand for an Eph-related tyrosine kinase 
receptor involved in axon bundle formation. Neuron 14: 973-981. 

Bennett BD, Zeigler FC, Gu Q, Fendly B, Goddard AD, Gillett N and Matthews W. (1995) 
Molecular cloning of a ligand for the EPH-related receptor protein-tyrosine kinase Htk. Proc. 
Natl. Acad. Sci. USA 92: 1866-1870. 

Huang X, Yuang J, Goddard A, Foulis A, James RF, Lernmark A, Pujol-Borrell R, 
Rabinovitch A, Somoza N and Stewart TA. (1995) Interferon expression in the pancreases of 
patients with type I diabetes. Diabetes 44: 658-664. - 

Goddard AD, Yuan JQ, Fairbairn L, Dexter M, Borrow J, Kozak C and Solomon E. (1995) 
Cloning of the murine homolog of the leukemia-associated PML gene. Mammalian Genome 
6: 732-737. 
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Goddard AD, Covello R, Luoh SM, Clackson T, Attie KM, Gesundheit N, Rundle AC, Wells 
JA, Carlsson LMTI and The Growth Hormone Insensitivity Study Group. (1995) Mutations of 
the growth hormone receptor in children with idiopathic short stature N Engl J Med 333- 
1093-1098. 

Kuo SS, Moran P, Gripp J, Armanini M, Phillips HS, Goddard A and Caras IW. (1994) 
Identification and characterization of Batk, a predominantly brain-specific non-receptor protein 
tyrosine kinase related to Csk. J. Neurosci. Res. 38: 705-715. 

Mark MR, Scadden DT, Wang Z, Gu Q, Goddard A and Godowski PJ. (1994) Rse, a novel 
receptor-type tyrosine kinase with homology to Axl/Ufo, is expressed at high levels in the 
brain. Journal of Biological Chemistry 269: 10720-10728. 

Borrow J, Shipley J, Howe K, Kiely F, Goddard A, Sheer D, Srivastava A, Antony AC, 
Fioretos T, Mitelman F and Solomon E. (1994) Molecular analysis of simple variant 
translocations in acute prpmyelocytic leukemia. Genes Chromosomes Cancer 9: 234-243. 

Goddard AD and Solomon E. (1993) Genetics of Cancer. Adv. Hum. Genet. 21: 321-376. 

Borrow J, Goddard AD, Gibbons B, Katz F, Swirsky D, Fioretos T, Dube I, Winfieid DA, 
Kingston J, Hagemeijer A, Rees JKH, Lister AT and Solomon E. (1992) Diagnosis of acute . 
promyelocyte leukemia by RT-PCR: Detection of PML-RARA and RARA-PML fusion 
transcripts. Br. J. Haematol. 82: 529-540. 

Goddard AD, Borrow J and Solomon E. (1992) A previously uncharacterized gene, PML, is 
fused to the retinoic acid receptor alpha gene in acute promyelocytic leukemia Leukemia 6 
Suppl3: 117S-119S. 

Zhu X, Dunn JM, Goddard AD, Squire JA, Becker A, Phillips RA and Gallie BL (1992) 
Mechanisms of loss of heterozygosity in retinoblastoma. Cytogenet. Cell. Genet. 59: 248-252. 

Foulkes W, Goddard A. and Patel K. (1991) Retinoblastoma linked with Seascale [letter]. 
British Med. J. 302: 409. 

Goddard AD, Borrow J, Freemont PS and Solomon E. (1991 ) Characterization of a novel zinc 
finger gene disrupted by the t(15;17) in acute promyelocytic leukemia. Science 254: 1371- 
1374. 

Solomon E, Borrow J and Goddard AD. (1991) Chromosomal aberrations in cancer. Science 
254: 1153-1160. 

Pajunen L, Jones TA, Goddard A, Sheer D, Solomon E, Pihlajaniemi T and Kivirikko Kl. 
(1 991 ) Regional assignment of the human gene coding for a multifunctional peptide (P4HB) 
acting as the p-subunit of prolyl-4-hydroxylase and the enzyme protein disulfide isomerase to 
17q25. Cytogenet. Cell. Genet. 56: 165-168. 

Borrow J, Black DM, Goddard AD, Yagle MK, Frischauf A.-M and Solomon E. (1 991 ) 
Construction and regional localization of a Nott linking library from human chromosome 17q. 
Genomics 10: 477-480. 

Borrow J, Goddard AD, Sheer D and Solomon E. (1990) Molecular analysis of acute 
promyelocytic leukemia breakpoint cluster region on chromosome 1 7. Science 249: 1 577- 
1580. 
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Myers JC, Jones TA, Pohjolainen E-R, Kadri AS, Goddard AD, Sheer D, Solomon E and 
Pihlajaniemi T. (1 990) Molecular cloning of 5(IV) collagen and assignment of the gene to the 
region of the region of the X-chromosome containing the Alport Syndrome locus. Am. J. Hum. 
Genet. 46: 1024-1033. 

Gallie BL, Squire JA, Goddard A, Dunn JM, Canton M, Hinton D, Zhu X and Phillips RA. 
(1990)-Mechanisms of oncogenesis in retinoblastoma. Lab. Invest. 62: 394-408. 

Goddard AD, Phillips RA, Greger V, Passarge E, Hopping W, Gallie BL and Horsthemke B. 
(1990) Use of the RB1 cDNA as a diagnostic probe in retinoblastoma families. Clinical 
Genetics 37: 117-126. 

Zhu XP, Dunn JM, Phillips RA, Goddard AD, Paton KE, Becker A^and Gallie BL (1989) 
Germline, but not somatic, mutations of the RB1 gene preferentially involve the paternal 
allele. Nature 340: 312-314. 

Gallie BL, Dunn JM, Goddard A, Becker A and Phillips RA. (1988) Identification of mutations 
in the putative retinoblastoma gene. In Molecular Biology of The Eye: Genes, Vision and 
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SIMULTANEOUS AMPLIFICATION AND DETECTION OF 
SPECIFIC DMA SEQUENCES 

Russell Higuchi*, Gavin DoIUnger 1 , P. Sean. Walsh and Robert Griffith . 

Roche Molecular System*. Inc.. 1400 53rd St., EmeryYQk, CA 94C08- 'Cbdron Corporation, 1400 53rd Sc. Emeryville, CA 
94608. ^Corresponding author. 



We have enhanced the polymerase chain 
reaction (PGR) such that specific DNA 
sequences can be detected without open- 
ing the reaction tube. This enhancement 
requires the addition of ethidinm bromide 
(EtBr) to a PCR- Since the fluorescence of 
EtBr increases in the presence of double- 
stranded (da) DNA an Increase in fluores- 
cence in such a PGR indicates a positive 
amplification, which can be easily moni- 
tored externally. In fact, amplification can 
be continuously monitored in order to 
follow its progress. The ability to simulta- 
neously amplify specific DNA sequences 
and detect the product of the amplification 
both simplifies and improves PGR and 
may facilitate its automation and more 
widespread use in the clinic or in other 
situations requiring high sample through- 
put 

Although the potential bencfiti of PCR 1 to. clin- 
ical diagnostics arc welt-kudwn, s,i, .it is still not 
widely used i» this setting, even" though it is 
ftnxt- yean etneo trtcrrnottable DMA. potrrtie'i-- 
ases* made PCR practical. Some of the reasons for fas slow, 
acceptance arc high cost, lack of automation of pre-- and 
post-PCR processing steps, and false positive results, from 
carryover -contamination. The first two points are related 
in that labor is the largest contributor to cost at die present 
stage of PCR development. Most current assays requite 
some form of "downstream" processing once tbermocy- 
ding is done in order to determine whether the target 
DMA sequence was- present and has amplified. These 
include DNA hybrrdwaoon**, gel electrophoresis with or 
without use of restriction digestion 7 .' 8 , HPfcC 4 , or capillary 
electrophoresis 10 . These methods are labor-intense, have, 
low throughput, and arc difficult to automate. The third 
point is abo ckwdy related to downstream processing. 
The handling of the PCR product in these downstream 
processes increases the chances that anrpBfied DNA .will 
spread through the typing- lab, resulting in • a .risk of 



"carryover" false positives in subsequent testing". 

These downstream processing seeps would be elimi- 
nated if specific amplification and detection of amplified 
DMA took place simultaneously within an unopened re- 
action vessel. Assays in which such different processes take 
place without. the need to separate reaction components 
have been termed \1j»mogeneous\ No truly hbmogc-. 
neous PCR assay has been demonstrated to date, although 
progress towards this end has been reported.- Chehab, et 
al. , developed a PCR product detection scheme using 
fluorescent primers that resulted in a fluorescent PCR 
product AUcfc-specinc primers, cadi with different fluo- 
rescent tags, were used to indicate- the genotype of the 
DNA. However, the unincorporated primers must still be 
removed in a do wnstream process in order to visualize the 
result Recently. Holland, et al. 1 *, developed an assay in 
which the endogenous 5' •exonudease assay of Toq DNA 
polymerase was exploited to cleave a labeled oligonucleo- 
tide probe. The probe would only dcave if PCR amplifi- 
cation had produced its complementary sequence. In 
order to detect the cleavage products, however, a subse- 
quent process w again needed. 

We have developed a truly homogeneous assay for PCR 
and PCR product detection based upon tbc greatly in- 
creased fluorescence that- cthidrara bronude and other 
DNA binding dyes exhibit when they ate bound lo.ds- 
DNA 14 ^ 19 . As outlined in Figure 1, a prototypk PCR 
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fKVU 1 -Prindph: of simuluuicoui amdOficuion and- detection of 
PCR produce The components of a PCR containing EtBr chat sn> 
fluorescent are listed— EtBr itself, EtBr bound to other ssDNA or 
dsDN A Tbere is a larjje &Mrcscencc cnhanccqicru when EtBr Is 
bound to DNA and binding is gi catly enhanced when DNA .is 
double-stranded. After sufficient <n)..cvdcs. of PCR. the .net 
increase'tn dsONA restdts in additional -EtBr biijcEag. and » net 
increase in total ■fluorcsccrjcm 
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JWW J Gel electrophoresis of PCS. amplification prod«t, of the 
human, ftudfear gene, HLA DQa, made in thcTresence 

SCS^JX^ °Cr Etfir (U P t0 .« ^"I)- Tbc presence of 
EtBr has no obvjous effect on the yield or apedfichy of amplifi- 



A. 





ROTH » (A) fluorescence measurement! from PCRs that contain 
03 ugfinl ElBr and that are specific for Y-cliromosonoc repeat 
jequetico. Frvt : rcplicatePCRj.*rere begun containing each of Ac 
DNA* specified. At each mdiewed cyde. one of the five replicate 
PCRs for each DNA was removed from thcrmocyding and its 
fluorescence measured. Uniu of fluorescence are arbitrary. (B) 
UV photography of PCRtubei (0.5 ml Eppcndt.rf-.tylc pofvpro- 
pykne mioio-centiifuKc :tubta) containing reactions, those start- 
ing from 2 ng male DNA and control reactions without any DNA. 
from (A). ' 



begins with primers that are single-stranded DNA (as- 
DNA), dNTPs, and DNA polymerase; An amount of 
dsDNA containing the target sequence (target DNA) is 
also typically present. This amount tan vary, depending 
on the application, from single-cell amounts of DNA' T to 
micrograms per PCJU 8 . If EtBr is present, the reagents 
that win fluoresce, in order of incrcakng fluorescence, are 
free EtBr itself, and EtBr bound to the single-stranded 
DN A primers and to the double-stranded target DNA (by 
its intercalation between the stacked bases of the DNA 
doubJc-hcJu). After the first denaturation cyde, target 
DNA will be largely single-stranded. After a PCR is 
completed, the most significant change is the increase in 
tbc amount of dsDNA (the PCR. product itself) of up to 
several micrograms. Formerly free EtBr is bound to tic 
additional dsDNA, resulting in an increase in fluores- 
cence. There is also some decrease in the amount of 
ssDNA primer, but because, the binding of ElBr to ssDNA 
ts much Jess than to dsDNA, the effect of this change on 
the total fluorescence of the sample is small. The fluores- 
cence tncrease can be measured by directing excitation 
illumination through the walls of the amplification vessel 



before and after, or even continuously during, thermocy 



RESULTS 

PCR In the presence of Etfir. U, otd CT to assess th, 
affect of LtBr .n PGR, ampKncations of the human HU 
DQa gene v were performed with the dye present at 
concentrations from 0.06 to 8.0 fig/ml (a typical concea 
tration of EtBr used in staining of nucleic aods folkiwin, 
gel electrophoresis is 0.5 ug/ml). As shown in Figure 2, 
electrophorcsw revealed little or tic. diJBEcreDcc in the yidd 
or quality of the ampfincation product whether EtBr wa» 
absent or present at any of these coricesttrattons, indicat- 
ing that EtBr does not inhibit PCR, 

Detection; of human Y-chromosCTmo specific 5^ 
«picnoes. Sequeriee-speanf, fluorescence enhancement of 
EtBr as a result of PCR was demonstrated in a scries of 
amplifications containing 0.5 ug/ml EtBr and primers 
specific to repeat DNA sequences found on the. human 
V-chromosomo 5 ™. These PCRs initially- contained either 
60 ng male. 60 ng female, 2 ng roafc human or no DNA. 
Five replicate PCRs were begun for each DNA. After 0, 
17, 21, 24 and 29 cycles of thermocycling, a PCR &>r cadi 
DNA was removed from the therreocyder, and its fluo- 
rescence measured in a spectrocfoorometex and plotted 
vs. amplification cyde number (Fig. 3A). The shape of this 
curve TeBcOs the fact that by the rime an increase in 
fluorescence can be detected, the increase in DNA is 
becoming linear and not exponential with cycle number. 
As shown, the fluorescence increased about three-fold 
over the background fluorescence for the PCRs contain- 
ing human male DNA, but did not significantly increase 
for negative control PCRs, which contained either no 
DNA or human femafc DNA. The more male DNA 
present to begin with— 60 ng versus 8 ng— the fewer 
cycles were needed to give a detectable increase in fluo- 
rescence. Gel electrophoresis oo the products of these 
amplifications showed that DNA fragments of the ex- 
pected skc were made in the male. DNA containing 
reactions and that Utile DN A synthesis took place in the 
control samples. 

In addition, the increase in. fluorescence was visualized 
by simply laying the completed, unopened PCRs on » UV 
transilhrminator and photographing tbcm through a red' 
filter. This is shown in figure SB lor the reactions thai 
began with 2 ng male DNA and those with no DNA- 

Detection « specific alleles of the human 0-globin 
gene. In order to demonstrate that this approach has 
adequate specificity to allow genetic screening, a detection 
of the srckfe-cdl anemia mutation was performed. Figure 
4 shows the fluorescence from completed amplification* 

containing EtBr (0.5 ug/ml) as <fet«ct4d by photography 

of the reaction tubes on a UV transuluminator. These 
reactions were performed using primers specific for ci- 
ther the. wild -type or sickle-cell mutation of the human 
p^globin gene* . The specificity for each ancle is Imparted 
by placing the sickk-mutaiion site at the terminal 3' 
nucleotide of one primer. By using an appropriate primer 
annealing temperature, primer extension — and thus am- 
pb'ficatipn— can take place only if the 3' nucleotide of the 
primer is complementary to the p-globin alldc present" 

Each pair Of amplifications shown in Figure 4 consists of 
a reaction with either the wild-type allele specific (left 
tube) or skkle-allele specific (right tube) primers. Three 
different DN As were typed: DNA from a homozygous, 
wild-type B-globin individual (AA); from a heterozygous 
sickle ^lybin individual (AS); and from a homozygous 
sickle B-giobw kcSvidual (5S). Each DNA (50 ng genomic 
DNA to start each PGR) was analyzed m triplicate (3 pairs 
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c f reactions each). The DNA .type was reflected in tbe 
j^jative fluorescence intensities in each pair of com pitted 
amplifications. There was a significant increase in fluores- 
cence only where a p-giobin allele DNA matched the 
primer *et. When measured- oa a spcctroflooronietcr 
ifyta not shown), this fluorescence was about three times 
jwt present in a PCJR where both p-globm alleles were 
giijmatchcd to the primer set. Gel electrophoresis (not 
jhc-wn) established that this increase iri fluorescence was 
(joe to the synthesis of nearly a microgram of a DNA 
fragment of the expected size for P-globtn. There was 
Otdc synthesis of dsDNA in reactions in. which the allele- 
jpedfic primer was mismatched to both alleles. 

Continuous nKwoitorfcog of a PCR. Using a fiber optic 
devteef it is possible to direct excitation illumination from 
,t spoctrofluorometer to a PCR undergoing thcrmocycling 
and to return its fluorescence to the KpcctroRuororaetcr. 
The fluorescence readout of such an arrangement, di- 
rected at an EtBr-coricaining amplification of Y-chromo- 
sorac specific sequences from 25 ng of human male DNA, 
is shown in Figure 5. The readout from a control PCR' 
villi no target DNA is also shown. Thirty cycles of PCR 
were monitored for each. 

The fluorescence trace as a function of time dearly 
shows the effect of the thermocydiiig. Fluorescence inten- 
sity riser and. fails inversely with temperature The, fluo- 
rescence intensity is minimum at the denaturation tem- 
perature (M'C) and maximum at the annealing/extension 
temperature (SOX). Io the negative-control PCR, these 
fluorescence maxima and minima do not change, signifi- 
cantly over the thirty tbcrmocyclcs, indicating that there is 
Bttte dsDNA synthesis without the appropriate target 
DNA, and there is .little if any Meaching of EtBr during 
the continuous Clumination of the sample. 

In the PCR containing male DNA, the fluorescence 
maxima at the annealing/excension temperature begin to 
increase at about 4000 seconds' of theiTOocycUrig, and 
continue to increase with time, indicating that dsDNA is 
being produced at a detectable level. Note that die fluo- 
rescence minima at the denaturation. temperature do not 
significantly increase, presumably because at this temper- 
ature there is no d&DNA for EtBr to bind. Thus the course 
of the amplification u followed by tracking the fluorcs-. 
cence increase at the annealing temperature. Analysis of 
the products of these two amplifications by gel electropho- 
resis showed » DNA fragment of the efcpcctcd size for the 
male DNA containing sample and no detectable DNA 
synthesis for the control sample. 

DISCUSSION 

Downstream processes such as hybridization to a se- 
qucnce-Aperific probe can' enhance the specificity of DNA 

decetxiyii hr FCR. The. chinuwtion of theac processes, 
means that the specificity of this homogeneous assay 
depends solely on that of FCR. In the case of sickle-cell 
disease, wc have shown that PGR alone has sufficient DNA 
sequence specificity to permit genetic screening. Using 
appropriate amplification conditions, there is Btdc non- 
specific production of dsDNA ia the absence of the 
appropriate target allele. 

The specificity required to detect pathogens can be 
more or less than that required" to do' genetic screening, 
depending on the number of pathogens in. the sample and 
the amount of other DNA that must be taken with the 
sample A difficult target is HIV, which requires detection 
of a viral genome that can be at the level of a few copies 
per thousands of host ceils*. Comoated with genetic 
screening, which is performed on cells containing at least 
one copy of the target sequence. HiV detection .requires 
both more specificity and the input of more total 
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WW4irVphoweTaphy of PCR tubes containing RniptificRlionj 
ltsing EtBr th« art specific to vild-typc (A) or liekK (S) alleles' of 
the mrnun 0-globin gene. The leS of each pairof tubes contains ■ 
aHele-ipcdfie prktter* to the wild-type afleka. the right tube 
primers to the sicWe allele- The photograph was talch after 50 
cycles of PCR..aod the input DNAs and- the alkies ihev contain . 
are indicated. Fifty tog of DNA was used to begin PCBi. Typing 
was done in triplicate (3 pain of PCRs) for each input DNA: 
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RCnS 5 Continuous, real-time monitor big of a PCR. A fiber optic 
was twed to carry excitation light tn a FC'R in p rogre ss and also 
emitted fight bad: to a fluoromctcr (see Experimental Protocol). 
Amplification vsiog human uule-DNA specific primers in a PCR 
Starting with 20 ng of human male DNA (top), or in * control 
PCR without DNA (bottom), were monitored, Thirty cydes of 
PCR were followed for each. The' temperature cycled between 
94*C (detuturatkm) and 50*C (annealing and extension). Note in 
the male. DNA PCR,. the cycle (tunc) dependent increase in 
fluorescence at the' atjueafing/extension temperature. '. 
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DNA — up to microgram amounts— in order to have suf- 
ficient numbers of target sequences. This large amount of 
starting DNA m an ampU&eatkm significantly increases 
the background fluorescence over which any additional 
fluorescence produced by PCR must be detected. An 
additional complication that occurs with targets irt low 
copy-number is the formation of the "priiner-dimer" 
artifact This is the result of the extension of one primer 
using the other primer as r template. Although this occurs 
infrequently, once H occur* the extension product is a 
substrate for PGR. amplification, and can compete with 
true PCR targets if those targets are rare. The primer- 
dimcr product is of coarse dsDNA and thus i*a potential 
source of false signal in this homogeneous assay. 

To increase PCR specificity and reduce the effect of 
primer-dhncr atnpUfication. we are investigating a num- 
ber of approaches, including the use of ccsted'primer 
amplifications that take place in a single tube', and the 
"■hot-start'*, in which nonspecific amplification « reduced 
by raising the temperature of the reaction before DNA 
synthesij begins**. Pre&ninary results using these ap- 
proaches suggest that pruncr-diincT is effectively reduced 
and it is possible to detect the increase in Etfir fluores- 
cence in a PCR instigated by a single HIV genome in a 
background of 10* cells. With larger numbers of cells, the 
background fluorescence COTtribtrted by genomic DNA 
becomes problematic. To reduce this background, it may 
be possible to use sequence-specific DNA-binding dyes 
that can be made to preferentially bind PCR product over 
genomic DNA by incorporating the dye-binding DNA 
sequence into the PCR product through a 5' *add-on" to . 
the ob^pnocleotide primer*''. 

We nave shown that the detection of fluorescence 
generated by an EtBr-containing- PCR is straightforward, 
both once PCR is completed and continuously during 
(hermocycKng. The ease with Which automation of spe- 
cific DNA detection can be accomplished is the most 
promising aspect of this assay. The fluorescence analysis 
of completed PCRs is alrcadypcwsiblc with existing instru- 
mentation in 96-well format**. In this format, the fluores- 
cence in each PCR can be quantitated before, after, and 
even at selected points during thcrrQocyci»t»g by moving 
the rack of PCRs to a 96-microwcH plate fluorescence 
reader**. 

The instrumentation necessary to continuously monitor 
multiple PCRs simultaneously is also simple in principle. 
A direct extension of the apparatus used here is to have 
multiple fiberoprics transmit the excitation light and flu- 
orescent emissions to and from multiple PCRs. The ability 
to monitor multiple PCRs continuously may allow quan- 
titation of target DNA copy number- Figure 3 shows that 
the larger the amount of starting target DNA, the sooner 
during PCR a fluorescence increase is detected. Prelimi- 
nary experiments f,Higuchi and Dollinger, manuscript in 
preparation) with continuous monitoring have shown a 
sensitivity to two-fold differences in initial target DNA 
concentration. 

Conversely, if the number of target molecules is 
known— as" it can be in genetic screening-^continuous 
monitoring may provide a means pf detecting false posi- 
tive and false negative results. With a known number of 
target molecules, a true positive would exhibit detectable 
fluorescein by a predictable number of cycles of PCR. 
Increases in fluorescence detected before or after that 
cycle would indicate potential artifacts. False negative 
results due to, for example, inhibition of DNA polymer- 
ase, may be detected by including within each PCR an 
ineffkiendy amplifying marker. This marker results in a 
fluorescence increase only after a large number of cy- 
cles^ — many more' than are necessary to detect, a true 
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positive. If a sample fails to hare a fluorescence increase 
after this many- cycles, inhibition may be suspected. Since, 
in this assay, conclusions are drawn based on the presence 
or absence of fluorescence signal alone, such controls may 
be important. In any event, before any test based on this 
principle is ready for the clinic, ah assessment of its false 
positive/false negadve rates wiH need to be obtained "using 
a large number of known samples. 

In. summary, the tnclu«ct» in PCR of dyes whose fluo- 
rescence is enhanced upon binding dsDNA makes it 
possible to detect specific DNA ampEfiearion from outside 
the PCR tube. In the future, instruments based upon this 
principle may facilitate the more widespread use of PCR 
in applications that demand the high throughput of 
samples. 

EXPERIMENTAL PROTOCOL 

Hainan HLA-DQ« gene srapMcaoons. containing EtBr. 
PCRs were set up in 100 id volumes containing 10 raM Tris-HCl, 
pH 8.3; 50 mM KC1; 4 mM MgC^: 2.5 vote of Tar DNA 
polymerase (Perfcm-Etatcr Genu. Norwalk, CT); 20 ptriote each 
of human HIA-DQa ' gene specific oligonucleooae primers 
GH26 and CttS? 19 and approximately I0 1 copies of DQ& PCR 
product diluted from a previous reaction. Ethidium bromide 
(EtBr; Sigma) was used at the concentialions. indicated io Figure 
2. Theiroocydinj; proceeded for 20 cycles in a model 4*0 
ihcrmocydcr (Purlin-Elmer Cctux, Norwalk, CT) using a "step- 
cycle" program of 94*C for 1 mm. denaturation and Wrv. for 30 
sec. annealing and 72'C for 30 sec. extension. 

Y-chromosomc specific PCR. PCRs (100 |U total reaction 
volume) contahiing 0.5 jic/n)l EtBr were prepared as described 
for HIA-DQa, except with different primers and target DNAs. 
These PCRs contained 1 5 pmotc each male DNA-spccifcc primers 
YI. ) and Y" I-2 M , add cither 60 ng male, 60 og female, ?' ng mak, 
or no human DNA. Thermocyding was £K'C Tor 1 min. and 60^C 
for 1 min using a "step-Cycle* frrogram. The number of cycles for 
a sample were as radicated in Figure 3. Fluorescence measure- 
ment is described below. 

Allrfc-spccific, human £-gioHa pw PGR. Amplificauons of 
100 jU volume' osins 0-5 iig/ntl of X-tBr were prepared as 
described far HLA-DQa above except with different primers and 
target DNAs. These PCRs contained either, primer pair Htifft 
HO HA (wild-type giobin spedae primers) or HGF2/H(JUS (skk- 
le-globui specific primers) at 10 pmole each prima' per PCR, 
These ptfancre were developed by Wu ctal? 1 . Tbxee different 
target DNAs were tutcd i» separate amplifications^- 50 ng each of 
human DNA that was homozygous for the s«eMc trait <SS), DMA 
that was heterologous for the sickle trait (AS), or DNA that was 
homozygous for the W.t- globirt (AA). Thcrmocycfing was for SO 
cycles at 94"C for 1 mm. and 55*C for 1 min. usure a •'step-cvek" 
program. An armearfog temperature of 55*^ b*ahccn shown by 
Wu et aL*' to provide. aIlclc<podfic atnpBfVcatjon. Completed 
PCRs were pbcrtogTephcd through a red filter (Wrauen 23 A) 
after placing the reaction tabes atop a model TM-36 transiHttfM- 
nator (OV-products SatvGabriel, CA). 

Fluorescence sneasnreme*it. Fluoresoe«»ce Tocasuremenn were 
made on PCRs containing EtBr in * fhioroloe-2 tooro meter 
(SPEX, Edison, NJ)- tjccitation was at the 500 run band Kith 
xhout t nm bandwidth with * GO 435 nm cut^jfffilter X Mettes 
Crist, Inc.. Irvine. CA) to exclude second -order light. Erorued 
light was detected at 570 nm with a bandwidth of about 7 nm. An 
OG 530 nm cut-off filter was used to remove the excitation light. 

OontltHtoas nTOrescencc nrautoting of PCR. Q>ndnv0us 
monitoring of a PCR in progress was accomplished using die 
spectrofluorometer and settings described above as weW as a 
fiberoptic accessory (SP£X cat no. 1950) to both send excitation 
figbt to, and receive emitted light from, a PCR placed m a well at 
a model 480 wermocydcr (Pcrkm-Elmer Cetus). The probe end 
of the fiberoptic cable was attached with "5 otroutc-cpox) " to tw 
open top of a PCR tube (a 0^ ml potoropyfciic ceiurifiwc tube 
with Ks cap removed) effectively scaling it. The exposed -tol > o* 
the PCR tube and the end of the fiberoptic cable were sliieUed 
from room light and the room lights were kept dimmed during 
• each run- The monitored PCR was an amplification of y-eb">- 
roosomc-specifk repeat sequences as described above, except 
usmg'.an anncafiTigfectensiott temperature of S0°C The reaction 
was covered wrth nmuertd oil (2 drops) to prevent evaporation- 
T^terroqcyding- and fluorescence ricasuccmcat were started si- 
multaneously. A tiroc-bisc sc*i\ with a 10 second integratioiV tone 
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was, an ^ die emkaoQ signal was ratiocd to' tfrc excitation 
nzozi to control for changes in light-source intensity. Data were 
enbcdcd using the draSOOOf, verncm 2.5 (SPEX) data system. 
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IMMUNO BIOLOGICAL LABORATORIES 



SCD-14EUSA 

Trauma, Shock and Sepsis 



The CO-14 molecule is' expressed on the surface of 
monocytes and some macrophages. Membrane- 
bound CDtl4 is a. receptor for I ipopotysaccharide 
(LPS) complexed to LPS-Binding-Protein (LBP). The 
ooncentrailon of its soluble form is altered under 
certain pathological conditions. There is evidence for 
an important rote of sCCM4.vvith polytrauma, sepsis, 
burnings and infievnmations. 
During septic conditions and acute infections it seems 
to be a prognostic marker and fe therefore of value in 
monitoring these patients. 




IBL offers an E USA for quantitative determination of 
soluble CD-14 in human serum, -plasma, cell-culture 
supernatants and other biological fluids. 
Assay features: 12x8 determinations 
(microliter strips), 
precoated with a specific 
monoclonal antibody. 
2x1 hour incubation, 
standard range: 3 - 96 ng/ml 
detection limit 1 ngfrnl 
CV: intra- and interassay < 8% 

For more information call or fax 
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Oligonucleotides with Fluorescent Dyes at 
Opposite Ends Provide a Quenched Probe 
System Useful for Detecting PCR Product 
and Nucleic Acid Hybridization 

Kenneth j. Livak, Susan J.A. Flood, Jeffrey Marmaro, William Giusti, and Karin Deetz 

Perkin-Eimer, Applied Biosystems Division, Foster City, California 94404 



The 5' nucleate PCR assay detects the 
accumulation of specific PCR product 
by hybridization and cleavage of a 
double-labeled fluorogenlc probe 
during the amplification reaction. 
The probe is an oligonucleotide with 
both a reporter fluorescent dye and a 
quencher dye attached. An Increase 
In reporter fluorescence intensity in- 
dicates that the probe has hybridized 
to the target PCR product and has 
been cleaved by the 5' ->3' nucle- 
olytlc activity of Tag DMA polymerase. 
In this study, probes with the 
quencher dye attached to an internal 
nucleotide were compared with 
probes with the quencher dye at- 
tached to the 3 -end nucleotide. In all 
cases, the reporter dye was attached 
to the 5' end. All Intact probes 
showed quenching of the reporter 
fluorescence. In general, probes with 
the quencher dye attached to the 3'- 
end nucleotide exhibited a larger sig- 
nal In the 5' nuclease PCR assay than 
the Internally labeled probes. It is 
proposed that the larger signal Is 
caused by Increased likelihood of 
cleavage by Tog DNA polymerase 
when the probe Is hybridized to a 
template strand during PCR. Probes 
with the quencher dye attached to 
the 3 -end nucleotide also exhibited 
an Increase in reporter fluorescence 
Intensity when hybridized to a com- 
plementary strand. Thus, oligonucle- 
otides with reporter and quencher 
dyes attached at opposite ends can 
be used as homogeneous hybridiza- 
tion probes. 



f\ homogeneous assay for detecting 
the accumulation of specific PCR prod- 
uct that uses a double-labeled ftuoro- 
genic probe was described by Lee et al. (,) 
The assay ' exploits the 5'-* 3' nucle- 
olytic activity of Taq DNA poly- 
merase (2 - 3) and is diagramed in Figure 1. 
The fluorogenic probe consists of an oli- 
gonucleotide with a reporter fluorescent 
dye, such as a fluorescein, attached to 
the 5' end; and a quencher dye, such as a 
rhodamine, attached internally. When 
the fluorescein is excited by irradiation, 
its fluorescent emission will be 
quenched if the rhodamine is close 
enough to be excited through the pro- 
cess of fluorescence energy transfer 
(FET). (4 ' S > During PCR, if the probe is hy- 
bridized to a template strand, Taq DNA 
polymerase will cleave the probe be- 
cause of its inherent 5' -»• 3' nucleolytlc 
activity. If the cleavage occurs between 
the fluorescein and rhodamine dyes, it 
causes an Increase in fluorescein fluores- 
cence intensity because the fluorescein 
is no longer quenched. The increase in 
fluorescein fluorescence intensity indi- 
cates that the probe-specific PCR product 
has been generated. Thus, FET between a 
reporter dye and a quencher dye is criti- 
cal to the performance of the probe in 
the 5' nuclease PCR assay. 

Quenching is completely dependent 
on the physical proximity of the two 
dyes. W) Because of this, it has been as- 
sumed that the quencher dye must be 
attached near the 5' end. Surprisingly, 
we have found that attaching a rho- 
damine dye at the 3' end of a probe 
still provides adequate quenching for 
the probe to perform in the 5' nuclease 



PCR assay. Furthermore, cleavage of this 
type of probe is not required to achieve 
some reduction in quenching. Oligonu- 
cleotides with a reporter dye on the 5' 
end and a quencher dye on the 3' end 
exhibit a much higher reporter fluores- 
cence when double-stranded as com- 
pared with single-stranded. This should 
make it possible to use this type of dou- 
ble-labeled probe for homogeneous de- 
tection of nucleic acid hybridization. 

MATERIALS AND METHODS 



Oligonucleotides 

Table 1 shows the nucleotide sequence 
of the oligonucleotides used in this 
study. Linker arm nucleotide (LAN) 
phosphoramidite was obtained from 
Glen Research. The standard DNA phos- 
phoramidites, 6-carboxyfluorescein (6- 
FAM) phosphoramidite, 6-carboxytet- 
ramethylrhodamine succinimidyl ester 
(TAMRA NHS ester), and Phosphalink 
for attaching a 3'-blocking phosphate, 
were obtained from Perkin-Elmer, Ap- 
plied Biosystems Division. Oligonucle- 
otide synthesis was performed using an 
ABI model 394 DNA synthesizer (Applied 
Biosystems). Primer and complement 
oligonucleotides were purified using 
Oligo Purification Cartridges (Applied 
Biosystems). Double-labeled probes were 
synthesized with 6-FAM-labeIed phos- 
phoramidite at the 5' end, LAN replacing 
one of the T's in the sequence, and Phos- 
phalink at the 3' endi Following de- 
protection and ethanol precipitation, 
TAMRA NHS ester was coupled to the 
LAN-containing oligonucleotide in 250 
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FIGURE 1 Diagram of S' nuclease assay. Stepwise representation of the 5' -» 3' nucteolytic ac- 
tivity of Taq DNA polymerase acting on a fluorogenic probe during one extension phase of PCR. 



mM Na-bicarbonate buffer (pH 9.0) at 
room temperature. Unreacted dye was 
removed by passage over a PD-10 Sepha- 
- dex column. Finally, the double-labeled 
probe was purified by preparative high- 
performance liquid chromatography 
(HPLC) using an Aquapore C„ 220x4.6- 
mm column with 7-p.m particle size. The 
column was developed with a 24-mln 
linear gradient of 8-20% acetonitrile in 
0.1 m TEAA (triethylamtne acetate). 
Probes are named by designating the se- 
quence from Table 1 and the position of 
the LAN-TAMRA moiety. For example, 
probe Al-7 has sequence Al with LAN- 
TAMRA at nucleotide position 7 from the 
5' end. 



PCR Systems 

All PCR amplifications were performed 
in the Perkln-Elmer GeneAmp PCR Sys- 
tem 9600 using 50-u.l reactions that con- 
tained 10 mM Tris-HCl (pH 8.3), 50 mM 
KC1, 200 p.M dATP, 200 p.M dCTP, 200 p.M 
dGTP, 400 p.M dUTP, 0.5 unit of AmpEr- 
ase uracil N-glycosylase (Perkin-Elmer), 
and 1.25 unit of AmpliTaq DNA poly- 
merase (Perkin-Elmer). A 295-bp seg- 
ment from exon 3 of the human fJ-actin 



gene (nucleotides 2141-2435 in the se- 
quence of Nakajima-Iijima et al.) (7) was 
amplified using primers AFP and ARP 
(Table 1), which are modified slightly 
from those of du Breuil et al. <B> Actin am- 
plification reactions contained 4 mM 
MgCI 2 , 20 ng of human genomic DNA, 
50 n.M Al or A3 probe, and 300 nM each 



TABLE 1 Sequences of Oligonucleotides 



primer. The thermal regimen was 50°C 
(2 min), 95°C (10 min), 40 cycles of 95°C 
(20 sec), 60°C (1 min), and hold at 72°C. 
A 51S-bp segment was amplified from a 
plasmid that consists of a segment of X 
DNA (nucleotides 32,220-32,747) in- 
serted in the Smal site of vector pUC119. 
These reactions contained 3.5 mM 
MgCl 2 , 1 ng of plasmid DNA, 50 nM P2 or 
P5 probe, 200 nM primer F119, and 200 
nM primer R119. The thermal regimen 
was 50°C (2 min), 95°C (10 min), 25 cy- 
cles of 95°C (20 sec), 57°C (I min), and 
hold at 72°C. 



Fluorescence Detection 

For each amplification reaction, a 40-p.l 
aliquot of a sample was transferred to an 
individual well of a white, 96-well micro- 
liter plate (Perkin-Elmer). Fluorescence 
was measured on the Perkin-Elmer Taq- 
Man LS-50B System, which consists of a 
luminescence spectrometer with plate 
reader assembly, a 485-nm excitation fil- 
ter, and a 515-nm emission filter. Excita- 
tion was at 488 nm using a 5-nm slit 
width. Emission was measured at 518 
nm for 6-FAM (the reporter or R value) 
and 582 nm for TAMRA (the quencher or 
Q. value) using a 10-nm slit width. To 
determine the increase in reporter emis- 
sion that is caused by cleavage of the 
probe during PCR, three normalizations 
are applied to the raw emission data. 
First, emission intensity of a buffer blank 
Is subtracted for each wavelength. Sec- 
ond, emission intensity of the reporter is 



Name 


Type 


F119 


primer 


R119 


primer 


P2 


probe 


P2C 


complement 


PS 


probe 


PSC 


complement 


AFP 


primer 


ARP 


primer 


Al 


probe 


A1C 


complement 


A3 


probe 


A3C 


complement 



Sequence 



ACCCACAGGAACTGATCACCACTC 

ATGTCGCGTTCCGGCTGACGTTCrGC 

TCGCATTACIGATCGTlGCCAACCAGTp 

GTACTGGTTGGCAACGAtCAGTAATGCGATG 

CGGA'lTTGCTGGTATCTATGACAAGGATp 

TTCATCCTTGTCATAGATACCAGCAAATCCG 

TCACCCACACTGTGCCCATCTACGA 

CAGCGGAACCGCrCATTGCCAATGG 

ATGCCCTCCCXX^TGCCATCCrGCGTp 

AGACGCAGGATGGCATGGGGGAGGGGATAC 

CGCCCrGGAClTCGAGCAAGAGATp 
CCATCfCTTGCTCGAAGTCCAGGGCGAC 



For each oligonucleotide used in this study, the nucleic acid sequence is given, written in the 
5' 3' direction. There are three types of oligonucleotides: PCR primer, fluorogenic probe used 
in the S' nuclease assay, and complement used to hybridize to the corresponding probe. For the 
probes, the underlined base indicates a position where LAN with TAMRA attached was substi- 
tuted for a T. (p) The presence of a 3' phosphate on each probe. 
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A1-2 
A1-7 
A1-14 



RAQGCCCTCCCCCATGCCATCCTCCGTp 
RATGCCCQCCCCCATGCCATCCroCGTp 
RATGCCCTCCCCCAQGCCATCCTGCGTp 
A1-19 RATGCCCTCCCCCATGCCAQCCTCCGTp 
A 1-22 RATGCCCTCCCCCATGCCATCCQGCGTp 
RAllSCCCTCCCCCATGCCATCCTGCGQp 



A1-26 



Probe 


. 518 nm 


582 nm 


RQ- 


RQ+ 


ARQ 




no temp. 


+ temp. 


no temp. 


♦ temp. 




A1-2 


25.5 ±2.1 


32.7 ± 1.9 


38.2 + 3.0 


38.2 ± 2.0 


0.67 ±0.01 


0.86 ±0.06 


0.19±0.06 


A1-7 


53.5 + 4.3 


395.1 ±21.4 


108.5 + 6.3 


110.315.3 


0.49 ± 0.03 


3.58±0.17 


3.09 ±0.18 


A1-14 


127.0 ±4.9 


403.5 ±19.1 


109.7 ±5.3 


931 ±6.3 


1.16 ±0.02 


4.34 ±0.15 


3.18±0.15 


A1-19 


187.5 ± 17.9 


422.7 ±7.7 


70.3 ±7.4 


73.0 ±2.8 


2.67 ±0.05 


5.80 ±0.15 


3.13 + 0.16 


A1-22 


224.6 + 9.4 


482.2 ± 43.6 


100.0 + 4.0 


96.2 ± 9.6 


2.25 ±0.03 


5.02±0.11 


2.77±0.12 


A1-26 


160.2 ± 8.9 


454.1 ±18.4 


93.1 ±5.4 


90.7 ± 22. 


1.72 ±0.02 


5.01 ±0.08 


3.29 ±0.08 



FICURE 2 Results of 5' nuclease assay comparing p-actin probes with TAMRA at different nucle- 
otide positions. As described in Materials and Methods, PCR amplifications containing the in- 
dicated probes were performed, and the fluorescence emission was measured at 518 and 582 nm 
Reported values are the average±l s.D. for.six reactions run without added template (no temp.) 
and six reactions run with template ( + temp.). The RQ ratio was calculated for each individual 
reaction and averaged to give the reported RQ" and RQ* values. 



divided by the emission intensity of the 
quencher to give an RQ ratio for each 
reaction tube. This normalizes for well- 
to-wefl variations in probe concentra- 
tion and fluorescence measurement. Fi- 
nally, ARQ i s calculated by subtracting 
the RQ value of the no-template control 
(RQ") from the RQ value for the com- 
plete reaction including template 
(RQ + ). 

RESULTS 

A series of probes with increasing dis- 
tances between the fluorescein reporter 
and rhodamine quencher were tested to 
investigate the minimum and maximum 
spacing that would give an acceptable 
performance in the 5' nuclease PCR as- 
say. These probes hybridize to a target 



sequence in the human (3-actin gene. 
Figure 2 shows the results of an experi- 
ment in which these probes were in- 
cluded in PCR that amplified a segment 
of the (J-actin gene containing the target 
sequence. Performance in the 5' nu- 
clease PCR assay is monitored by the 
magnitude of ARQ which is a measure 
of the increase in reporter fluorescence 
caused by PCR amplification of the 
probe target. Probe Al-2 has a ARQ value 
that Is close to zero, indicating that the 
probe was not cleaved appreciably dur- 
ing the amplification reaction. This sug- 
gests that with the quencher dye on the 
second nucleotide from the 5' end, there 
is insufficient room for Taq polymerase 
to cleave efficiently between the reporter 
and quencher. The other five probes ex- 
hibited comparable ARQ values that are 



clearly different from zero. Thus, all five 
probes are being cleaved during PCR am- 
plification resulting in a similar increase 
in reporter fluorescence. It should be 
noted that complete digestion of a probe 
produces a much larger increase in re- 
porter fluorescence than that observed 
in Figure 2 (data not shown). Thus, even 
in reactions where amplification occurs, 
the majority of probe molecules remain 
uncleaved. It is mainly for this reason 
that the fluorescence intensity of the 
quencher dye TAMRA changes little with 
amplification of the target. This is what 
allows us to use the 582-nm fluorescence 
reading as a normalization factor. 

The magnitude of RQ - depends 
mainly on the quenching efficiency in- 
herent in the specific structure of the 
probe and the purity of the oligonucle- 
otide. Thus, the larger RQ~ values indi- 
cate thatprobes Al-14, Al-19, Al-22, and 
Al-26 probably have reduced quenching 
as compared with Al-7. Still, the degree 
of quenching is sufficient to detect a 
highly significant Increase in reporter 
fluorescence when each of these probes 
is cleaved during PCR. 

To further investigate the ability of 
TAMRA on the 3' end to quench 6-FAM 
on the 5' end, three additional pairs of 
probes were tested in the 5' nuclease 
PCR assay. For each pair, one probe has 
TAMRA attached to an internal nucle- 
otide and the other has TAMRA attached 
to the 3' end nucleotide. The results are 
shown in Table 2. For all three sets, the 
probe with the 3' quencher exhibits a 
ARQ value that is considerably higher 
than for the probe with the internal 
quencher. The RQ" values suggest that 
differences in quenching are not as great 
as those observed with some of the Al 
probes. These results demonstrate that a 
quencher dye on the 3' end of an oligo- 
nucleotide can quench efficiently the 



TABLE 2 Results of 5' Nuclease Assay Comparing Probes with TAMRA Attached to an Internal o r 3'-terminal Nucleotide 
518 nm 582 nm 



Probe 


no temp. 


+ temp. 


no temp. 


+ temp. 


RQ" 


RQ + 


ARQ 


A3-6 
A3-24 

P2-7 
P2-27 

P5-10 
P5-28 


54.6 ± 3.2 
72.1 ± 2.9 

82.8 ± 4.4 
113.4 ± 6.6 

77.5 ± 6.5 
64.0 ± 5.2 


84.8 ± 3.7 

236.5 ±11.1 

384.0 ±34.1 
555.4 + 14.1 

244.4 ± 15.9 

333.6 ±12.1 


116.2 ±6.4 
84.2 ± 4.0 

105.1 ± 6.4 
140.7 ± 8.5 

86.7 2 4.3 
100.6 ± 6.1 


115.6 ± 2.S 
90.2 ± 3.8 

120.4 + 10.2 

118.7 + 4.8 

95.8 ± 6.7 
94.7 ± 6.3 


0.47 ± 0.02 
0.86 ± 0.02 

0.79 ± 0.02 
0.81 + 0.01 

0.89 + 0.05 
0.63 ± 0.02 


0.73 ± 0.03 
2.62 ± 0.05 

3.19 + 0.16 
4.68 ± 0.10 

2.55 + 0.06 
3.53 ± 0.12 


0.26 ± 0.04 
1.76 ± 0.05 

2.40 + 0.16 

3.88 ± 0.10 

1.66 ±0.08 

2.89 ± 0.13 



Reactions containing the indicated probes and calculations were performed as described In Material and Methods and iri the legend to Fig. 2. 
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fluorescence of a reporter dye on the 5' 
end. The degree of quenching is suffi- 
cient for this type of oligonucleotide to 
be used as a probe in the 5' nuclease PGR 
assay. 

To test the hypothesis that quenching 
by a 3' TAMRA depends on the flexibility 
of the oligonucleotide, fluorescence was 
measured for probes in the single- 
stranded and double-stranded states. Ta- 
. ble 3 reports the fluorescence observed 
at 518 and 582 nm. The relative degree 
of quenching is assessed by calculating 
the RQ ratio. For probes with TAMRA 
6-10 nucleotides from the 5' end, there 
is little difference in the RQ values when 
comparing single-stranded with double- 
stranded oligonucleotides. The results 
for probes with TAMRA at the 3' end are 
much different. For these probes, hy- 
bridization to a complementary strand 
causes a dramatic increase in RQ. We 
propose that this loss of quenching is 
caused by the rigid structure of double- 
stranded DNA which prevents the 5' 
and 3' ends from being in proximity. 

When TAMRA is placed toward the 3' 
end, there is a marked Mg 2 " 1 " effect on 
quenching. Figure 3 shows a plot of ob- 
served RQ values for the Al series of 
probes as a function of Mg 2 * concentra- 
tion. With TAMRA attached near the 5' 
end (probe Al-2 or Al-7), the RQ value at 
0 idm Mg 2 * is only slightly higher than 
RQ at 10 itim Mg 2+ . For probes Al-19, 
Al-22, and Al-26, the RQ values at 0 itim 
Mg 2 * are very high, indicating a much 



reduced quenching efficiency. For each 
of these probes, there is a marked de- 
crease in RQ at 1 nw Mg 2 * followed by 
a gradual decline as the Mg 2 * concen- 
tration Increases to 10 mM. Probe Al-14 
shows an intermediate RQ value at 0 mM 
Mg 2 * with a gradual decline at higher 
Mg 2 * concentrations. In a low-salt en- 
vironment with no Mg 2 * present, a sin- 
gle-stranded oligonucleotide would be 
expected to adopt an extended confor- 
mation because of electrostatic repul- 
sion. The binding of Mg 2 * ions acts to 
shield the negative charge of the phos- 
phate backbone so that the oligonucle- 
otide can adopt conformations where 
the 3' end is close to the 5' end. There- 
fore, the observed Mg 2 * effects support 
the notion that quenching of a 5' re- 
porter dye by TAMRA at or near the 3' 
end depends on the flexibility of the oli- 
gonucleotide. 

DISCUSSION 

The striking finding of this study is that 
it seems the rhodamine dye TAMRA, 
placed at any position in an oligonucle- 
otide, can quench the fluorescent emis- 
sion of a fluorescein (6-FAM) placed at 
the 5' end. This Implies that a single- 
stranded, double-labeled oligonucle- 
otide must be able to adopt conforma- 
tions where the TAMRA is close to the 5' 
end. It should be noted that the decay of 
6-FAM in the excited state requires a cer- 
tain amount of time. Therefore, what 



TABLE 3 Comparison of Fluorescence Emissions of Single-stranded and 
Double-stranded Fluorogenic Probes 



518 nm 



582 nm 



RQ 



Probe 


ss 


ds 


ss 


ds 


ss 


ds 


Al-7 


27.75 


68.53 


61.08 


138.18 


0.4S 


0.50 


Al-26 


43.31 ' 


509.38 


53.50 


93.86 


0.81 


5.43 


A3-6 


16.7S 


62.88 


39.33 


165.57 


0.43 


0.38 


A3-24 


30.05 


578.64 


67.72 


140.25 


0.45 


3.21 


P2-7 


35.02 


70.13 


S4.63 


121.09 


0.64 


0.58 


P2-27 


39.89 


320.47 


65.10 


61.13 


0.61 


5.25 


P5-10 


27.34 


144.85 


61.95 


165.54 


0.44 


0.87 


PS-28 


33.65 


462.29 


72.39 


104.61 


0.46 


4.43 



(ss) Single-stranded. The fluorescence emissions at 518 or 582 nm for solutions containing a final 
concentration of SO nM indicated probe, 10 mM Tris-Hd (pH 83), 50 mM KC1, and 10 mM Mgd 2 . 
(ds) Double-stranded. The solutions contained, in addition, 100 nM A1C for probes Al-7 and 
Al-26, 100 nM A3C for probes and A3-24, 100 nM P2C for probes P2-7 and P2-27. or 100 dm 
PSC for probes PS-10 and P5-28. Before the addition of Mgdz, 120 til of each sample was heated 
at 95°C for 5 min. Following the addition of 80 jd of 25 mM MgCl 2 , each sample was allowed to 
. cool to room temperature and the fluorescence emissions were measured. Reported values are 
the average of three determinations. 



matters for quenching is not the average 
distance between 6-FAM and TAMRA 
but, rather, how close TAMRA can get to 
6-FAM during the lifetime of the 6-FAM 
excited state. As long as the decay time of 
the excited state is relatively long com- 
pared with the molecular motions of the 
oligonucleotide, quenching can occur. 
Thus, we propose that TAMRA at the 3' 
end, or any other position, can quench 
6-FAM at the 5' end because TAMRA is in 
proximity to 6-FAM often enough to be 
able to accept energy transfer from an 
excited 6-FAM. 

Details of the fluorescence measure- 
ments remain puzzling. For example. Ta- 
ble 3 shows that hybridization of probes 
Al-26, A3-24, and P5-28 to their comple- 
mentary strands not only causes a large 
Increase in 6-FAM fluorescence at 518 
nm but also causes a modest increase in 
TAMRA fluorescence at 582 nm. If 
TAMRA is being excited by energy trans- 
fer from quenched 6-FAM, then loss of 
quenching attributable to hybridization 
should cause a decrease in the fluores- 
cence emission of TAMRA. The fact that 
the fluorescence emission of TAMRA in- 
creases indicates that the situation is 
more complex. For example, we have an- 
ecdotal evidence that the bases of the 
oligonucleotide, especially G, quench 
the fluorescence of both 6-FAM and 
TAMRA to some degree. When double- 
stranded, base-pairing may reduce the 
ability of the bases to quench. The pri- 
mary factor causing the quenching of 
6-FAM in an intact probe is the TAMRA 
dye. Evidence for the importance of 
TAMRA is that 6-FAM fluorescence 
remains relatively unchanged when 
probes labeled only with 6-FAM are used 
in the 5' nuclease PCR assay (data not 
shown). Secondary effectors of fluores- 
cence, both before and after cleavage of 
the probe, need to be explored further. 

Regardless of the physical mecha- 
nism, the relative independence of posi- 
tion and quenching greatly simplifies 
the design of probes for the 5' nuclease 
PCR assay. There are three main factors 
that determine the performance of a 
double-labeled, fluorescent probe in the 
5' nuclease PCR assay. The first factor is 
the degree of quenching observed in the 
intact probe. This is characterized by the 
value of RQ", which is the ratio of re- 
porter to quencher fluorescent emis- 
sions for a no template control PCR. In- 
fluences on the value of RQ - include 
the particular reporter and quencher 
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FIGURE 3 Effect of Mg 2 ■'"concentration on RQ ratio for the Al series of probes. The fluorescence 
emission intensity at 5 1 8 and 582 nm was measured for solutions containing 50 nM probe, 10 mM 
Trls-HCI (pH 8.3), 50 mM KC1, and varying amounts (0-10 mM) of MgCi 2 . The calculated RQ 
ratios (518 nm intensity divided by 582 nm intensity) are plotted vs. MgCl 2 concentration (mM 
Mg). The key (upper right) shows the probes examined. 



dyes used, spacing between reporter and 
quencher dyes, nucleotide sequence 
context effects, presence of structure or 
other factors that reduce flexibility of 
the oligonucleotide, and purity of the 
probe. The second factor is the efficiency 
of hybridization, which depends on 
probe T ml presence of secondary struc- 
ture in probe or template, annealing 
temperature, and other reaction condi- 
tions. The third factor is the efficiency at 
which Taq DNA polymerase cleaves the 
bound probe between the reporter and 
quencher dyes. This cleavage is depen- 
dent on sequence complementarity be- 
tween probe and template as shown by 
the observation that mismatches in the 
segment between reporter arid quencher 
dyes drastically reduce the cleavage of 
probe/" 

The rise in RQ~ values for the Al se- 
ries of probes seems to indicate that the 
degree of quenching is reduced some- 
what as the quencher is placed toward 
the 3' end. The lowest apparent quench- 
ing is observed for probe Al-19 (see Fig. 
3) rather than for the probe where the 
TAMRA is at the 3' end (Al-26). This is 
understandable, as the conformation of 
the 3' end position would be expected to 
be less restricted than the conformation 
of an Internal position. In effect, a 
quencher at the 3' end is freer to adopt 
conformations dose to the 5' reporter 
dye than is an internally placed 
quencher. For the other three sets of 



probes, the interpretation of RQ" values 
Is less clear-cut. The A3 probes show the 
same trend as Al, with the 3' TAMRA 
probe having a larger RQ~ than the in- 
ternal TAMRA probe. For the. P2 pair, 
both probes have about the same RQ~ 
value. For the P5 probes, the RQ" for the 
3' probe is less than for the internally 
labeled probe. Another factor that may 
explain some of the observed variation is 
that purity affects the RQ - value. Al- 
though all probes are HPLC purified, a 
small amount of contamination with 
unquenched reporter can have a large ef- 
fect on RQ~. 

Although there may be a modest ef- 
fect on degree of quenching, the posi- 
tion of the quencher apparently can 
have a large effect on the efficiency of 
probe cleavage. The most drastic effect is 
observed with probe Al-2, where place- 
ment of the TAMRA on the second nu- 
cleotide reduces the efficiency of cleav- 
age to almost zero. For the A3, P2, and PS 
probes, ARQ is much greater for the 3' 
TAMRA probes as compared with the in- 
ternal TAMRA probes. This is explained 
most easily by assuming that probes 
with TAMRA at the 3' end are more likely 
to be cleaved between reporter and 
quencher than are probes with TAMRA 
attached internally. For the Al probes, 
the cleavage efficiency of probe Al-7 
must already be quite high, as ARQ does 
not increase when the quencher is 
placed closer to the 3' end. This illus- 



trates the importance of being able to 
use probes with a quencher on the 3' 
end in the 5' nuclease PCR assay. In this 
assay, an increase in the intensity of re- 
porter fluorescence is observed only 
when the probe is cleaved between the 
reporter and quencher dyes. By placing 
the reporter and quencher dyes on the 
opposite ends of an oligonucleotide 
probe, any cleavage that occurs will be 
detected. When the quencher is attached 
to an internal nucleotide, sometimes the 
probe works well (Al-7) and other times 
not so well (A3-6). The relatively poor 
performance of probe A3-6 presumably 
means the probe is being cleaved 3' to 
the quencher rather than between the 
reporter and quencher. Therefore, the 
best chance of having a probe that reli- 
ably detects accumulation of PCR prod- 
uct in the 5' nuclease PCR assay Is to use 
a probe with the reporter and quencher 
dyes on opposite ends. 

Placing the quencher dye on the 3' 
end may also provide a slight benefit in 
terms of hybridization efficiency. The 
presence . of a quencher attached to an 
internal nucleotide might be expected to 
disrupt base-pairing and reduce the T m 
of a probe. In fact, a 2°C-3°C reduction 
in T m has been observed for two probes 
with internally attached TAMRAs. (9) This 
disruptive effect would be minimized by 
placing the quencher at the 3' end. Thus, 
probes with 3' quenchers might exhibit 
slightly higher hybridization efficiencies 
than probes with internal quenchers. 

The combination of Increased cleav- 
age and hybridization efficiencies means 
that probes with 3' quenchers probably 
will be more tolerant of mismatches be- 
tween probe and target as compared 
with internally labeled probes. This, tol- 
erance of mismatches can be advanta : 
geous, as when trying to use a single 
probe to detect PCR-amplified products 
from samples of different species. Also, it 
means that cleavage of probe during PCR 
is less sensitive to alterations in an- 
nealing temperature or other reaction 
conditions. The one application where 
tolerance of mismatches may be a disad- 
vantage is for allelic discrimination. Lee 
et al. (1> demonstrated that allele-specific 
probes were cleaved between reporter 
and quencher only when hybridized to a 
perfectly complementary target. This al- 
lowed them to distinguish the normal 
human cystic fibrosis allele from the 
AFS08 mutant. Their probes had TAMRA 
attached to the seventh nucleotide from 
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the 5' end and were designed so that any 
mismatches were between the reporter 
and quencher. Increasing the distance 
between reporter and quencher would 
lessen the disruptive effect of mis- 
matches and allow cleavage of the probe 
on the incorrect target. Thus, probes 
with a quencher attached to an internal 
nucleotide may still be useful for allelic 
discrimination. 

In this study loss of quenching upon 
hybridization was used to show that 
quenching by a 3' TAMRA is dependent 
on the flexibility of a single-stranded oli- 
gonucleotide. The increase in reporter 
fluorescence intensity, though, could 
also be used to determine whether hy- 
bridization has occurred or not. Thus, 
oligonucleotides with reporter and 
quencher dyes attached at opposite ends 
should also be useful as hybridization 
probes. The ability to detect hybridiza- 
tion in real time means that these probes 
could be used to measure hybridization 
kinetics. Also, this type of probe could be 
used to develop homogeneous hybrid- 
ization assays for diagnostics or other ap- 
plications. Bagwell et al. (I0) describe just 
this type of homogeneous assay where 
hybridization of a probe causes an in- 
crease in fluorescence caused by a loss of 
quenching. However, they utilized a 
complex probe design that requires add- 
ing nucleotides to both ends of the 
probe sequence to form two imperfect 
hairpins. The results presented here 
demonstrate that the simple addition of 
a reporter dye to one end of an oligonu- 
cleotide and a quencher dye to the other 
end generates a fluorogenic probe that 
can detect hybridization or PCR amplifi- 
cation. 
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Wc have developed a novel "real lime" quantitative PCR method. The method measures PCR produn 
accumulation through a dual-labeled fluotogenlc probe (i.c., TaqMan Protw). This method provides very 
accurate and reproducible quantitation of gene copies. Unlike other quantitative PCR methods, real-time PCR 
does nor require post-PCR sample handlltifi, preventing potential PCR product carry-over contamination and 
resulting In much faster and higher throughput assays. The real-time PCR method has a very large dynamic 
ranee of starting targer molecule determination (at lean five orders of magnitude). Real-time quantharlvc 
PCR is extremely accurate and less-labor-intensive than current quantitative PCR methods. 



Quantitative nucleic acid sequence analysis has 
had an important role in many fields of biologi- 
cal research. Measurement of gene expression 
(RNA) has been used extensively In monitoring 
biological responses to various stimuli (Tan ft al. 
1991; Huang el al. I995a,b; Prud'honime et al. 
1995). Quantitative gene analysis (DNA) has 
Ihh.ii used to determine the genome quantity of :» 
particular gene, as in the case of the human }JKK2 
gene, which Is amplified in -30% of breast ru- 
mors (Slamon u al. 1987). Gene and genome 
quantitation (DNA and UNA) also have been used 
for analysis of human immunodeficiency virus 
(IllV) burden demonstrating changes in the lev- 
els of virus throughout the different phases of the 
disease (Connor et al. 1993; Plittak el al. jvy;«>; 
l-urrado et al. 199S). 

Many methods have been described for tin: 
quantitative analysis ot nucleic ncid sequences 
(both for RNA and DNA; Southern iy/5; Sharp cl 
al. 1980; Thomas 19X0). Recently, PCR has 
proven to be fl powerful tool fOT quantitative 
nucleic arid analysis. PCR and reverse transcrip- 
tase (KT)-PCR have permitted the analysis of 
minimal starting quantities of nucleic acid (as 
little as one cell equivalent). This lias made. ]>os- 
siblc many experiments that could not hove, been 
performed with traditional methods. Although 
PCR has provided a j>owerful tool, it is imperative 
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thar tt be used properly for quantitation (U»«y- 
maekers 1995). Many early reports of quantita- 
tive PCR and RT-I'CR described quantitation of 
the PCR product but did not measure the initial 
target sequence, quantity. II is essentia] to design 
proper controls for the quantitation of the initial 
target sequences (Pcrrc 1992; Clement! el al. 
100?.) 

Researchers have developed several methods 
of quantitative l'CR and RT-PCR. One approach 
measures PCR product quantity in the big phase 
of the reitalon before, the plateau (Kellogg et al. 
1990; Pang ct a). 1990). This method requires 
Dial each sample has equal Input amounts of 
nucleic add and that each sample under analysis 
atnpllfle-s with idcui ical efficiency up to the. point 
of quantitative analysis. A gene sequence (con- 
tained in all samples at relatively constant quan- 
liti<.*a, such as p-aeiln) can be used for sample. 
iuii|>lification efficiency normalization. Uslny 
conventional methods of PCR detection and 
quantitation (gel electrophoresis or plate capture 
hybridization), it is extremely laborious to assure. .• 
that all samples are analyzed during the log phase 
of the 'reaction (for lx>lh the target gene and the 
normalization gene). Another method, quantita- 
Uw competitive (QQ-PCR, has been developed 
and is used widely for PGR quantitation. QC-PCR 
relics on the inclusion of an internal control 
competitor u) each reaction (Becker-Andre 1991; 
1'latak cl al. I993a,b)j The efficiency of each re- 
action is normalized to the internal competitor. 
a known amount of Inienioi competitor can be 
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added to each sample. To obtain relative nunni- 
tollon, the unknown target PGR product is coni- 
j ia red with the known competitor tt'IK product. 
.Success of a quantitative competitive I'CU assay 
•relies on developing an internal control lliol am- 
plifie.s with the same efficiency as the tuigul mol- 
ecule. The design of the competitor and Ihv vali- 
dation of amplification efficiencies, jequire n 
dedicated effort. However, because QCM'Clt does 
nut require that PC lit ptoducts be analyzed during 
the lot; phase of Ihe. amplification, it is tin: easier 
of the two methods to use. 

Several detection xystcius uie used for quan 
Utative PCR and UT-I'CH analysis: (1) ajjiimse 
gels, (2) fluorescent labeling of PCU products and 
,• detection with In.ier-iiKlueed fluurcseenec using 

capillary electrophoresis (rasco el ai. 1995; Wil- 
liams ex al. 1996) or acrylamldc gels, and (3) plate 
capture and sandwich probe hybridization (Mul- 
der el al. 1994). Although these method* jm.vrd 
successful, each method requires posl-l'CR ma- 
nipulations that .add rime, t() the analysis and 
may lead to laboiatuiy <■ onlnu'iination. The. 
sample throughput of these iiielhwds i> limited 
(wllli i lu- exception of the plate capture ap- 
proach), ,«>»«!, therefore, these methods ore not 
well suited ftu use* demanding high sample 
throughput (I.e., screening of large numbers of 

hl(iiuwlcn.ule^ mi analyzing samples fuj diagnos- 
tics or clinical trial.;.-). 

Here we report the development of « novel 
.issny for quantitative DNA analysis. The assay is 
based on Ihe use of the 5* nuclease assay first 
described by Holland el al. (1993). The method 
uses the 5' nuclease activity of 'l\uf polymerase to 
cleave a noncxtcndlblc. hybridist ion probe dur- 
ing the extension phase of I'CU- Tin: approach 
uses dual-labeled fluorogenic hybridisation 
probes (Lee ct al. 1993; Hasslcr ct al. 1995; Uvofc 
ct al. 1995o,b). One fluorescent dyv serves as a 
reporter |PAM (i.e., <i-carboxyfluoreseciii)| and its 
emission spectra is quenched by the second fluo- 
rescent dye, TAMRA (i.e.., o-carboxy-tetramethyl- 
rhqdamino). The nuclease degradation of the hy- 
hrkli/Jition probe releases the quenching of Uie 
I'AM fluorcscenl emission, resulting in an in- 
crease In |>ealc fluorescent emission at 51B nin, 
Tlie use Of a sequence detector (All! Prism) allows 
measurement of fluorescent spectra of all V6 wells 
of me. thermal cycler continuously during the 
l'CiK amplification. Therefore,, the reactions «ie 
monitored in real time. The output data Is de- 
scribed and quantitative unulysb of input target 
DNA sequences is discussed below. 
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RESULTS 

PCR Product Derocrlon in Real Time 

Tlie goal wax to develop a high-throughput', sen- 
sitive, and accurate gene quantitation assay for 
use In monitoring lipid mediated therapeutic 
gene delivery. A plasuiid encoding human factor 
Vlli gene sequence, pl'STM (see. Methods), was 
used as a model therajxjutic Ke.ne. ' be assay use* 
•fluorescent Taqm an. methodology and an instru- 
ment capable of measuring fluorescence in real 
time. (AM Prism 7700 Sequence Deieciot). Ihe 
Taqiuan reaction requires » hybridisation probe. 
lalx:led with two different fluorescent dyes. One 
dye Is a reporter dye (I'AM), the other ix X quench- 
ing dye (TAMRA). When tlieproln: is intact, fluo- 
i est en I energy transfer occurs and the reporter 
dye fluorescent emission is absorbed by the 
quenching dye (TAMRA). During Die extension 
phase of the I'CK cycle, ihe fluorescent hybrid- 
ization probe Is cleaved by the S'-.T nuclcolytic 
activity of the DNA polymerase. On cleavage of 
the probe, the reporter dye emission is no longer 
transferred efficiently to ihe quenching dye, re 
suiting I" an increase of the reporter dy« fluores- 
cent emt-i.'iloii upeclra. I'C^ft primers und jiruljon 
Were dvaigned fi»i the iiuman factor VJ1J se- 
quence and human p-actln gene (as described in 
Methods). Optimization reactions were per- 
formed to choose the appropriate probe und 
magnesium conccnualibns yielding the highest 
Intensity of reporter fluorescent signal without 
sacrificing specificity. The Inslrumenl uses a 
charge. coupled device (i.e., CCD camera) for 
measuring the fluorescent emission apeclni from 
SOO to CSO nm. Kac-h. PCU tube was monitored 
sequentially for 2.1 msec with continuous moni- 
toring lhTov«ghoUt tlie omplifieutitJU. Each tube 
wa.% re-exandncd every B.5 see. Computer sofl- 
ware. was designed to examine the fluorescent In- 
tensity of both the reporter dye (I-AM) and 
the quenching dye (TAM11A). The fluorescent 
intensity of tbe quenching dye, TAMllA, change's 
very little over the course of the PCR amplifi- 
cation (data not shown). Therefore, the Intensity 
of TAMllA dye omission serves as an Internal 
standard with which to noi-'imlbx! the reporter 
dye. (FAM) emission variations. The software cal- 
culate? <i value termed AKn (or ARQ) using the 
following equation: ARn — (ttn J ) (Jin"), where 
Hn 4 •• emission intcjisiiy ^>t reporter/emission in- 
tensity of quencher at any given time In o rone 
tion lube, and Rii —emission ihtensility of re- 
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poncr/cmlsslon Imemily uf qucncltcr measured 
prior 10 I'CK ainplilicalioii in that same Traction 
tube. I'or the purpose of quantitation, the lasi 
three data [joints (ARns) collected «lcirlng the. ex- 
tension step for each PCU cycle were annly/.ed. 
The nucleolytic degradation of the. Hybridization 
pfobc occ urs during the extension phase of rut, 
and, therefore, reporter fluorescent cnm.iiori in- 
creases during this (line. 'JTh: thiec data polnta 
were averaged for each lt;k cycle anil the menu 
value* for eacli was plotted in an "amplification 
lilol" shown In I'ifjure ] A. The AKn mean value is 
plotted on the j^-axis, and time, represented . by 
cycle number, is plot led on thex-axis. Durlngthe 
early cycles «l (lie PCR amplification, tin* ARn 



value remains at base line when sufficient hy- 
bridiy-Mlon probe has hocn cleaved by Hie Tun 
ixilyimrusc nuclcAse activity, the intensity of to. 
'porter fhmrctccni emission liiereuw.1.. "Most IK'Ai. 
auiplifiv-Mjons reach » plateau phtiNe of reporter 
fJiiurocent emission if the read i mm Is carried nut 
to high cycle munlwis. The amplification plot i'j 
examined vuily in lint reaction, at a point lhat 
ic-jwosojiis the log phase of product arnnnula> 
tion. This is done by assigning an arhilmry 
'threshold thai is based on the variability of the 
base-line dida. In Figure. 1 A, the threshold was set 
at lb standard tloviallons above, the mean of 
base lino emission calculated from t.-ydo 1 lo 1 5. 
Once the threshold is chosen, the point at which 
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Figure 1 PCR product detection in real time (A) The Model 7700 software will construct amplification plots 
from the extension phase fluorescent emission data collected during the PCR amplification. The standard de- 
viation is determined from the data points collected from the base Une of the amplification ploL C, values are 
calculated by determining the point at which the fluorescence exceeds a threshold limit (usually 10 times ihe 
standard deviation of the base line). (B) Overlay of amplification plols of serially (1:2) diluted human genomic 
DNA samples amplified with fi-actin primers. (6 Input DNA concentration of the samples plotted versus C T . All 
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the amplification plot crosses the threshold is tic 
fined as C r . C r is reported as the cycle number m 
this point. Ak will be demons! rut nd, the CI, .valor 
Is pi edict! ve of. the quantity of input tnrgc.t. 



\ C,- Values Provide a Quantitative Weaiiuicmcnr. of 

y Input Target Sequence! 

•■• Plguirc IB shows amplification plots of T&<dirfc*. 

. . en( PGR amplifications overlaid, •line amplify. 

\ tions were performed on a 1:2 serial dilution 

*y human genomic UNA. 'Phc amplified targel w:u 
human p actln. The aniplifiaition plots Jthifl to 

\ the right (to higher threshold cycles) ns the input 

^ . target quantity is reduced.- 'JT>ir. is expected ho. 



rau'KH «t«cHon« with f«w«r starting «jpi<w <>f the 
y target molecule require greater amplification to 

y degrade enough probe to attain the Threshold 

fluorescence. An arbitrary threshold of JO stan- 
I dard deviations above the base line was used to 

•j- determine the O r values. Figure 1C represents the 

,, . C^,. values plotted versus the sample dilution 

value. Each dilution was ninplifiod in triplicate 
PCR amplifications and plotted as mean values 
, with error bars representing one standard. devia- 

tion. The Cr values decrease linearly with Increas- 
ing target quantity. Thus, O, values can be used 
»*'5 (I quantitative measurement of the Input target 
' number. It should be noted that the ampllfica- 

' •• " tion plot for the 15.6-ng sample shown In Figure 

1H does not reflect the same fluorescent rate of 
Increase exhibited by most of the other samples. 
The 15.6-ng sample also achieves e.ndpolnt pla- 
teau at a lower fluorescent value than would be 
' expected Ija.scd on the input I >NA. This phenoiri- 

; cnon has been observed occasionally with either 

'- samples (data not shown) and may be aitrihut- 

I able to late cycle inhibition; this hypothesis is 

7' slin under Investigation. It is important to note 

»»*< «•«.• flattened slope and early plateau do not 
} t impact significantly the calculated C n value us 

/ demonstrated by the fit on the line shown in 

' Figure 1 C All triplicate ampllficaiions resulted in 

I v <? ry similar Q- values— the standard delation 

j" did n °t exceed 0.5 for any dlJullon. This experi- 

5 m ent contains a > 1 00,000-fold range of Input ta r- 

|^ 8«« molecules. Using C v values for quantitation 

f permits a much larger assay range Own directly 

' using total fluorescent emission intensity for 

I quantitation. The. linear range. ol lluorcsccnl in- 

,' tensity measurement of the AW I'rlsm 7700 Sc- 

zzo® aoroi 
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mt'iVfK over n very large r;ni{»<- of rflnilve siartlnp, 
target quantities. 

Sample Preparation Validation 

Several parameters influence the cf'lklc tiry nf 
PCR amplification: magnesium and sail concen- 
trations, reaction conditions (i.e., time, and tem- 
perature), PCH target 'size and composition, 

primer sequences, and sample puriry. All of tlic 
above (actors are common to a single J'CK assay, 
except sample to sample purity, in an effort to 
validate I he. method of sample preparation for 
the iacior VJ11 assay, PCRamplitkotion reproduc- 
ibility and efficiency oi 10 replicate sample 
prestations were examined. After genomic DNA 
was prepared from the 10 replicate samples, the 
DNA was quniitltated by ultraviolet spectroscopy. 
Amplifications were performed analyzing p-actln 
xent: content In 100 and 25 jir of total genomic 
UNA. Each I'C.'R amplification was performed in 
triplicate. Comparison of C, values for each trip- 
licate: sample show minimal variation based on 
standard deviation and coefficient of variance 
(table 1). l"herefore, each ol the triplicate PC.lt 
amplifications Was highly reproducible, demon- 
strating that real time PCH' using this instrumen- 
tation introduces minimal variation Into the 
quantitative J'CK analysis. Comparison of the. 
mean C, values of the )0 replicate sample prepa- 
rations also showed minima! variability, indicat- 
ing that each sample preparation yielded similar 
results for p-actin gene quantity. The highest C T 
<lifference between any of rhe samples was 0.85 
and 0.71 for the 100 and 25 ng samples, respec- 
tively. Additionally, the amplification of each 
sanipU- exhibited an equivalent rale of fluoro 
cent emission intensity change per amount of 
DNA target analyzed as indicated by similar 
slopes derived from the sample dilutions (Fig. 2). 
Any sample containing an excess of a I'Ck inhibi- 
tor would exhibit a greater measured p-actln O r 
value for a given quantity of DNA. In addition, 
the inhibitor would be diluted along with Hut 
.sample in the dilution analysis i), altering 
the expected Ci,. value change. Each sample am- 
plification yielded a similar result in the analysis, 
dcmonslraling that this method of sample prepa- 
ration is highly reproducible wllh regard to 
sample purity. 

Quantitative Analysis of a Plasmtd After 
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Table 1. Reproducibility of Sample Preparation Method 



Samplo 

no. Cr 



1 



10 



Mean 



18.24 
18.23 
10.33 
18.33 
18.35 
18.44 
18.3 
18.3 
18.42 
18.15 
18.23 
18:32 
18.4 
18.38 
18.46 
18.54 
18.67 
"1.9 
18.2B 
18.36 
18.52 
18.45 
18.7 
18.73 
18.18 
18.34 
18.26 
18.42 
18.57 
1 8.66 

(1 10) 



100 ng 



18.27 0.06 

18.17 0.06 

18.34 0.07 

18.23 O.OE 

. 1B.42 O.OA 

18.7-1 0.24 

18.39 0.12 

18.63 0.16 

18.29 0.1 

18.55 0.12 

18.42 0.17 



25 ng 



standard 
mean deviation CV C T 



standard 
mean deviation 



20.48 
20.S5 

0.32 20.S 20.51 0.03 
20.61 
20.59 

0,3? 70.41 70.54 0.11 
20.54 
20.6 

0.36 20.49 20.54 0.06 
20.48 
20.44 

0-46 20.38 20.43 0.05 
20.68 
20.87 

0.23 20.63 20.73 0.13 
21.09 
21.04 

1.26 21.04 21.06 0.03 
20.67 
20.73 

0.66 20.65 20.68 0.04 
20.98 
20.84 

0.83 20.75 20.86 0.12 
20.46 
20.54 

0..S5 20.48 20.51 0.07 
20.79 
20.78 

0.6S 20.62 20.73 0.1 



0,90 



20.66 0.19 



CV 

0.17 

0.5.4 

0,28 

0.26 

0.61 

0.15 

0.2 

0.57 

0.32 

0.16 
0.94 



(or containing a partial cDNA for human factor 
viii, pi-BTM. A series of trartsfcciions was set 
up using a decreasing amount of the plasirud v (40, 
4, (1.5, and O.l jj,g). Twimiy-four hours posl- 
trniiafec-tinn. tola! T5NA was purified fmm each 
flask of veils. p-Aciiu gene quantity was tl josei i as 
a value hit normali^titm or xuuumir. DNA con- 
ccnrraUon frum cadi sample, hi litis cxpciimeiit, 
p-actin gene content should remain constam 
relative to rotal genomic UNA. Figure A shows Hie 
result of (he p-actlu UNA measurement (100 iiy 
lolal DNA determined by ultraviolet spectros- 
copy) Ot each saiuple. Kach SAinpte was analyzed 
in triplicate and the mean p-actin Cr values of 
the triplicates were plotted (error bars represent 

rtuwiaiinni "I h*» hlPhfsr «iiff^rrnrp 



bvtwiteu any iwf» samplo moans was 0.«>S C ( . Ten 
nanograms of total UNA of each sample were also 
examined for p-actln. The results a^iun showed 
that very similar amounts of genomic DNA wc«: 
present; the. maximum mean (i actio C;, value 
difference wai 1 .0. As figure 3 shows, the rate of 
(l-actln C,. change between the J00 and 10-ng 
sajni>lc:.> was similar (slope values rang« btttwoen 
3.56 anJ -3.45). This verifies again <h«u thi; 
method of sample prcporollon yields samples of 
identical PCU integrity (i.e., no sample contained 
an excessive amount uf a PCR Inhibitor). How- 
ever, these results indicate that each sample con 
talned slight diffeiences in the actual amount of 
guaimlc. l>NA analysed. Determination of actual 
tienomic DNA concent ration was accomplished 

90RH Z0S8 09£ 6*6 YVd 00:ST 2002/SO/ZT 



From : BM- 



PHONE No. : 310 472 0905 



Dec. 05 2082 12:24flrl P16 



Wl At TIMI- OUANTITATIVfi PCK 



1 



K>6 

zu 

19.0-1 

10 
1U.b 



18 



1.4 




1,6 1.0 1.7 U I.B 
log (ng Input genomic DMA) 



Figure 2 Sample preparation purity. Ihe replicoto 
samples shown In Table 1 wore «l«> amplified In 
tripicate using 2S ng ol each DNA sample. The fig- 
uifc shows die input DNA concentration (100 add 
25 ng) vs. C, In irw figure. ih<» 100 and ?S ng 
points (or pach sample are connected by a line. 



by plotting .the mean fi-actio O, value obtained 
for eaeti 100-llg t>Nmp]u wn a p.-aclln standard 
i.-uive (shown In I'lg- 40). The actual genomic 
DNA concentration of cadi sumplti, rr, was ob 
tallied try extrapolation t<> the A' yxii, 

Figure 4A shows Uic measured. (!.«.', iwrt- 
normalised) ipianlllie:. uf factor VI) J pin sin id 
DNA (p!>8TM) from each' of tl«: four transient cell 
lrati>f«.tions. Each reaction contained 100 tig of 
total sample DNA (as determined by UV spectros- 
copy}, liach sample vv;is analyzed i)i triplicate 



TCIi amplifications. As shown, pl-'STM purified 
,hoie Jbc 20H cells decreases (mean C, values in- 
with decreasing amounts of plasmld 
.druitslt'Ucd. The mean C, values obtained for 
pFbTW i«> 'Figure 4A were plotted on a standard 
curve comprised uf seilally dilttlcd pFHTM, 
shown .in "figure 4B. The quanllly ul pI'KTM, b, 
found in each of the four t ran ufect Urns was do 
tcrmined by extrapolation to the a axis of the 
standard curve In l'igure 411. 'Hustc uncorrected 
M values, b, for pVH'I'M were norumll^id to deicr- 

inine die actual amount of pl'8*lV found per 100 
riK of genomic DNA by using the equation:. 

h x 10 0 lift ucliial pl-fTITvl copies per 
(l r 100 ng of genomic DNA 

where «•- actual genomic ONA in u sample and 
/> pl-'H'l'M copies from the standard curve. 'l")>e 
normalised quantity of pt'STM per 100 ng of ge- 
nomic DNA for cacti of the four ir.msfectlons Is 
shown In Figure 4JJ. 'iliest: roulls .-show thai the 
quantity of factor Vlll plasiuld associated wiili 
the 293 cells, 21 hr after Irunjifvctmn, dei.iuuse.v 
with decreasing plwMiml (..uiH.untiaUou used in 
the traiisfcction. The: quantity of plBTM associ- 
ated with 293 cells, after trunsfectlon with 40 ixg 
of piasmid, was 35 pg p<?r 100 ng genomic DNA. 
Tills results in - 520 plasmld copies per cell. 
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Figure 3 Analysis of lidiisfectcd cell DNA quantity 
and purtly. I lie DNA preparations of the four 293 
cell transfections (40, 4, 0.5, and 0.1 of pF8TM) 
were analysed for the fJ-actln gene. 1 00 and 1 0 ng 
(determined by ultraviolet spectroscopy) of each 
sample were amplified in triplicate. For each 
amount of pF8TM thai was transfected, the fj-actln 
C T values are plotted versus the total Input DNA 

at \r\r\ 



■ —n*- rT* f 



DISCUSSION 

Wo have described a' new method for quantitm- 
inR Rene copy numbers using rcaMlmc Analysis 
of PL'K amplifications. Real-time PCK is annpai- 
Ible with cither of tlic two PCR (UT-PCR) ap- 
proaches (1) quantitative competitive where on 
Inleniid compclltOf for each tarfiet sequence is 
used for normallKaUon (data not shown) or (2) 
quantitative comparadve 1*CR using t» nuiuutlii;a- 
dou gene contained within the sample (i.e., p-nc- 
tin) or a "housekeeping" gene for UT-PCK. If 
equal amounts of nucleic aad are analyzed for 
each saruplc and if the amplification effkintcy 
before quantitative analysb is identical for cadi 
sample, \Yi<f- Irirenial toutu«l {iiurmnliwiliou gene 
or competinar) should give equal MRtials for all 
samples. 

The real-time PCK mctho<l offers several ad- 
vantages over the other two methods currently 
employed (sec the Introduction). Mrst, the real- 
time l'CR method Is perforated in a dosed-tubc 
system and requires no post-PGR manipulation 
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Figura 4 Quantitative annlynix of pF8TM in transfcclcd cells.. (A) Amount of 
plasmid DMA used for lh<; trunsfectlon plotted against (Jte nivuri C, value deter- 
minod for P r8TM remaining hr after transection. (O.Q Standard curve* of 
ptftTM and fJ-acdr», respectively. pTBTM ONA (fl) and genomic ONA (Q were 
dilutftd serially 1 :S before amplification with the appropriate primers. The p-actin 
standard curve wav usod to normalise the results of A to 1 00 ny of genomic DNAl 
(0) The amount of pF8TM present pi:r 100 n<j of genomic DNA. 



of sample. Therefore, I lit* potential for TCK am- 
lamination in the laboratory is reduced because 
amplified products can In: analysed and disposed 
of without opening the reaction lubes. Second, 
this method suppoils the us« of a Ii«<rin;i1ix.iitk>n 
gene (i.c, P-octiti) for quantitative PCR or house- 
keeping genes for quantitative RT-1'CR controls. 
Analysis Is performed in real lime during the log 
phase of product accumulation. Analysis during 
Kik phase permits many. different genes (over a 
wide input target range) to be analysed simulta- 
neously, without concern of. reaching reaction 
plateau at different cycle*. Tlus will make mulll- 
djene analysis assays much caMei iv develop, be- 
cause individual interned i.<mipe.(liui> will not be 
needed for each gene under analysis. Third, 
sample throughput will im. tease diaiiialltally 
with the new method because there is no post- 
PCR processing time. Additionally, winking In a 
'.J6-we.ll fnniiat Is highly compatible with auto- 
mat ioiv technology, 

The real-time 1>CR method ij. highly repro- 
ducible. Replicate amplifications can be analyzed 



for encli sample minimizing ]>oicmi«l error, l ite, 
sysutin allows for a very large assay dynamic 
runge (upproaeliiug 1,000,000-fold starting till- 
gel). UmIiik u standard curve for the. target ol in- 
terest, relurive co|>y number values can be deter- 
mined for any unknown sample, fluorescein 
threshold values, C 1V cont-Jatr. linearly with rela- 
tive DNA copy numbers. Ileal lime quantitative 
RTvI'CK methodology (Cilbsori et al./ this Ixsufc) 
has also been developed, finally, real lime qu<ui^ 
titative PCU methodology can be used lu develop 
high-throughput screening assays for a variety of 
applications [quantitative gene CApiissiun (RT- 
rOR), gene copy assays (fieri, 111 V, etc.), geno- 
typing (knockout mouse analysis), and hnmunu- 
PCRJ. • 

Real-time PCIl may also \x performed using 
intercalating dyes (Hlguchi ct al. 1 WA,) such as 
ctJtJditim bromide. The fluorbgenic prohe. 
method offers a major advantage over inter- 
calating dyes- greater specificity (i.e., primer 
dimers and nonspecific PCR products are not de- 
torted). 
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METHODS 

Generation of <t Plasmld Containing a Partial 
cDNA for Human Factor Y1II 

Total RNA w<» harvested (UNAkoI II from 'I'd Test, Inc., 
rTH-'«lswood, TX) from culls* li«nafccU>d with a (ndor VIII 
ivpresshm vector. pCIS&tk-a&l) (Kouin el «l. 1»HG; Gor. 
n>nn ex at. A factor VIM partial el )N A sr«|ii<iuv WAS 

^. iw.rnicd by in* WM |C.e»eAnip llZ tTlll UNA ITJl Kll 
(pan N80H-0T79, ft Applied biosysicms, l-'««tvi Oiy, l^\)J 

uslnf. Hie l»t:il piitixiri FKfor m»<l l-flrev (primer sequences 
arc shown below). 'Ilii* ampllcoii was reaniplifi.il using 
modified I'flfor and Wrcv primers o-pixnili-d with ««wlll 
»nti ;/f»rtlll! restriction site sequences at the v owl/ u««V 
clonal Into jXJUM- 3Z (IVonu^a C:«rp.. Madison, Wl). The' 
resulting clone, pV8TM, was used lor transient iransfecilon 
of 293 coll*. 



Amplification of Target DNA ami Delect tan of 
Amplicon Factor VIII Plasmid DNA 

(pFSTM) was sinpllfunl with die i«ii«>eis l-fUor 5'-<:<;<:- 
<?TCK:(w\AUA(j:iXJAtXilOTl.".-3' and l-ttrev .v-aaa<:ct- 
t^GOCJTOCiATCM JTAClO-.'V.The rvHCllun produced « -<?.2- 
i>]> kc:k product. The forward primer \v«!> designed, tu lev 
ojjnlze u unique m'(|hchu- ftmud In the 5' untranslated 
region of till.: patent pC152,tk2SI> ploaiiiitl uiul thi.icforc 
does nut /wihiiUi: <>ii<i amplify the human f«etnr VIII 
jjctie. I'riinofn woro chosim with thy »v»ivtiiiii'f' of lh«< com- 
pulcr program Olifin l.u (Nulii»i;il HUwcicin-cs, Inc.. I'ly. 
mouth, MN). The tinman p-aotln gene wjisampliflcd with 
llic primers lin forward primer S ^ TCACOCACAt :r< IT 
GCCCATtrrACGA-.V and p-aclin reverse piimcr V.< .AC. 
CGGAACc:0frw:A'lT(iCt^A - j - GG-3'. The reaction pro- 
flucco a ZVSnp vCM product. 

Amplification reactions (SO pj) contained a DNA 
sample, K»x pat Uuffw II (5 200 px dAIT, dGTi>, 
dGTP, and 400 p,M dlllT, A tnxi MgC.\„ 7.Z.S Units Ampll 
Ttuj DNA polymerase, ",5 unit Amphrnsc uracil fV-jjiy- 
cn.iylu»c (UNO), SO pinole of each fneloi VIII prlmei, und 1£ 
pmolc uf «ueh p ae.lln pdmor. Tlxi leactlmis «Im> t.iinlalucd 
One Of ttlC following detection prntieK (KMl nu rnrl<)4 

l'8i»f...lie | i'(i'Aw>Ac:crrfrj'c:cu(:r:T<if.-n , <.-iT*r<:T«T. 
GCGTT(TAMRA)v 3' and p-ootm proU- 5' (TAM)ATG'CX:c:- 
X(TAMUA)CeCCOATCCOATGp-.V where p indicates 
pl>oiphorylftlion nnd X Indicates a linker arm nuclctititle. 
Reaction IuIk-» wm- Mi<:n>Ainp C)ptit-al ThIks (part AUm- 
IhtNKOI 00.11, Perkln lUmcr) tliat worv frosutl (at IH>rkhi 
r.lnicr) to pivvx-u) liglil from rcflcctlnp, Tube copi were 
slmil.it- to MicroAitip Cnps Ixil IJKCifllly dtjigilcd lo pre- 
vent llfilil 3vul(«.-rinjj. All <■) lti<- IHlK^niAumliltU-* wcro tti}v 
,,licd Ivy PU Applied lljosy*««-ni« (IW^r f:ity, CA) except 
the roctor Vlll prtmtfn, which writ- xynlhrslxrd at (Jenvn 
tech, Inc. (Scmlli 5<"i rrunclsco, CA). Probes wnv d«l(in«t 
using the Olifio software, folluwlMf; gotdeltucs m£- 

gcsteti in tnc, Motlfl 7 70O .Sequence iK-uvtor lii.vtiuiiienl 
manual, hrlcfl)-, probi- T„ slmuUl he nl least 5 U C lil^hrr 
mail tltf amifulliix leuipvmiurc used durlnj; tlicrmul cy- 
rlttijjj primers $lto\ild not iunu Mdlilv duplexes - with the 
prnhe. 

The theruiol « - ycling conditkuvs Included 2 juln dt 
50"t"^ and 10 niin at 9S"C. 'Ilitamal cycling proceeded with 
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reactioiiK were perfoniied i'» Model 770H .Sequence IV- 
l»-tor Applied Ulusystuinv), uililrh conulm » Cmt- 
Amp l'<:U Syslum P«K>. Ucat:tlon ttuiditiO"« w.-rc- pro. 
gruillititxl ijii .i I'wwer M«cintt.«h V1CH) (Apple O.unpnier, 
Santa Qara, I.A) linked direniy to the Model 770ft Sr- 
queitiv l)<il»ctor. Analy«l« «f d»ta wnv nlu.i |K<rf«rmcd on 
the W«i-lnt<«h cump\i4vr. < •.ollnedon and minlyclK tofiware 
wt<» develri|Kvl m W. 'Applied Wosyslunis. 

Transfectton of Cells with Factor Vlll Convtrutt 

IVmr I17S flasks of 293 tells (ATC1G CM. 15731, a lium.in 
fetal kidney suspension cell line, were h«'«"' to R0% con- 
Ituenvy stiA tranjfeoted pl-'KTM. Cells were firciwn In thv 
folliiwlng tncdlni StWi HAM'S Hi 2 without GUT, .10% Iihm 
jlucosc DuIIk'ixni's modified Kaj;lc medium (l)MHM) with- 
out filycine wiUi sodium bicathiinate, 10% letal bovine 
scrum, 2 imm L-^luUiniiir^ and 1% penicillin-strcpiomy- 
lin, Tlic media was di»"frcd 30 mln Mo"- lh<- Iransfcc 
lion, pl ! 0'l*M DNA amountu of 40, 4, OS, nnd 0.1 (*|; were 
iiuilcd tw 1.f> ml of n solution contalnlns O-IS-I m CaCI^- 
and 1 x Ill'j'HS. The four mixture* were left at room tem- 
pcmmiH- (<ti Itl mln and Uicti >id<l«.-«t Hmpwlsp lev the cells. 
Tliv fl»»k» wvi.- inv-iiUalod at 37"C anvl < :O s for 24 hr. 
wushed with I'iut. »«ii «inuspcndcd In PltS. The n'siis 
p^'mhd cells were divided intw »li(|u<>(» und UNA w«» w- 
trncted Immcdlutely using IhvQiAump BIihkI Kit (QUfjen. 
{iliolsrwrtli, <.VS),'IWA w ( i!, i:lnt«J Into 200 ,»l ol 30 »>u 
Trls-IJCUtpJltt.0. 
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ABSTRACT Wnt family members are critical to many 
developmental processes, and components of the Wnt signal- 
ing pathway have been linked to tumorigenesis in familial and 
sporadic colon carcinomas. Here we report the identification 
of two genes, WISP-I and WISP-2, that are up-regulated in the 
mouse mammary epithelial cell line C57MG transformed by 
Wnt-1, but not by Wnt-4. Together with a third related gene, 
WISP-3, these proteins define a subfamily of the connective 
tissue growth factor family. Two distinct systems demon- 
strated WISP induction to be associated with the expression of 
Wnt-1. These included (/) C57MG cells infected with a Wnt-1 
retroviral vector or expressing Wnt-1 under the control of a 
tetracylihe repressive promoter, and (if) Wnt-1 transgenic 
mice. The WISP-l gene was localized to human chromosome 
8q24.1-8q24.3. WISP-l genomic DNA was amplified in colon 
cancer cell lines and in human colon tumors and its RNA 
overexpressed (2- to >30-fold) in 84% of the tumors examined 
compared with patient-matched normal mucosa. WISP-3 
mapped to chromosome 6q22-6q23 and also was overex- 
pressed (4- to >40-fold) in 63% of the colon tumors analyzed. 
In contrast, WISP-2 mapped to human chromosome 20ql2- 
20ql3 and its DNA was amplified, but RNA expression was 
reduced (2- to > 30-fold) in 79% of the tumors. These results 
suggest that the WISP genes may be downstream of Wnt-1 
signaling and that aberrant levels of WISP expression in colon 
cancer may play a role in colon tumorigenesis. 

Wnt-1 is a member of an expanding family of cysteine-rich, 
glycosylated signaling proteins that mediate diverse develop- 
mental processes such as the control of cell proliferation, 
adhesion, cell polarity, and the establishment of cell fates (l' 
2). Wnt-1 originally was identified as an oncogene activated by 
the insertion of mouse mammary tumor virus in virus-induced 
mammary adenocarcinomas (3, 4). Although Wnt-1 is not 
expressed in the normal mammary gland, expression of Wnt-1 
in transgenic mice causes mammary tumors (5). 

In mammalian cells, Wnt family members initiate signaling 
by binding to the seven-transmembrane spanning Frizzled 
receptors and recruiting the cytoplasmic protein Dishevelled 
(Dsn) to the cell membrane (1, 2, 6). Dsh then inhibits the 
kinase activity of the normally constitutively active glycogen 
synthase kinase-30 (GSK-30) resulting in an increase in 
/3-catenin levels. Stabilized /3-catenin interacts with the tran- 
scription factor TCF/Lefl, forming a complex that appears in 
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the nucleus and binds TCF/Lefl target DNA elements to 
activate transcription (7, 8). Other experiments suggest that 
the adenomatous polyposis coli (APC) tumor suppressor gene 
also plays an important role in Wnt signaling by regulating 
0-catenin levels (9). APC is phosphorylated by GSK-30, binds 
to /3-catenin, and facilitates its degradation. Mutations in 
either APC or 0-catenin have been associated with colon 
carcinomas and melanomas, suggesting these mutations con- 
tribute to the development of these types of cancer, implicating 
the Wnt pathway in tumorigenesis (1)^ 

Although much has been learned about the Wnt signaling 
pathway over the past several years, only a few of the tran- 
scriptionally activated downstream components activated by 
Wnt have been characterized. Those that have been described 
cannot account for all of the diverse functions attributed to 
Wnt signaling. Among the candidate Wnt target genes are 
those encoding the nodal-related 3 gene, Xnr3, a member of 
the transforming growth factor (TGF)-/3 superfamily, and the 
homeobox genes, engrailed, goosecoid, twin (Xtwn), and siamois 
(2). A recent report also identifies c-myc as a target gene of the 
Wnt signaling pathway (10). 

To identify additional downstream genes in the Wnt signal- 
ing pathway that are relevant to the transformed cell pheno- 
type, we used a PCR-based cDNA subtraction strategy, sup- 
pression subtractive hybridization (SSH) (11), using RNA 
isolated from C57MG mouse mammary epithelial cells and 
C57MG cells stably transformed by a Wnt-1 retrovirus. Over- 
expression of Wnt-1 in this cell line is sufficient to induce a 
partially transformed phenotype, characterized by elongated 
and refractile cells that lose contact inhibition and form a 
multilayered array (12, 13). We reasoned that genes differen- 
tially expressed between these two cell lines might contribute 
to the transformed phenotype. 

In this paper, we describe the cloning and characterization 
of two genes up-regulated in Wnt-1 transformed cells, WISP-l 
and WISP-2, and a third related gene, WISP-3. The WISP genes 
are members of the CCN family of growth factors, which 
includes connective tissue growth factor (CTGF), Cyrfjl, and 
nov, a family not previously linked to Wnt signaling. 

MATERIALS AND METHODS 

SSH. SSH was performed by using the PCR-Select cDNA 
Subtraction Kit (CLONTECH). Tester double-stranded 

Abbreviations: TGF, transforming growth factor; CTGF, connective 
tissue growth factor, SSH, suppression subtractive hybridization- 
VWC, von Willebrand factor type C module. 

Data deposition: The sequences reported in this paper have been 
deposited in the Genbank database (accession' nos. AF100777 
AF100778, AF100779, AF100780, and AF100781). 
tTo whom reprint requests should be addressed, e-mail: diane@gene. 
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cDNA was synthesized from 2 u.g of poly(A)"*' RNA isolated 
from the C57MG/Wnt-1 cell line and driver cDNA from 2 fig 
of poiy(A) + RNA from the parent C57MG cells. The sub- 
tracted cDNA library was subcloned into a pGEM-T vector for 
further analysis. 

cDNA Library Screening. Clones encoding full-length 
mouse WlSP-1 were isolated by screening a AgtlO mouse 
embryo cDNA library (CLONTECH) with a 70-bp probe from 
the original partial clone 568 sequence corresponding to amino 
acids 128-169. Clones encoding full-length human WISP-1 
were isolated by screening AgtlO lung and fetal kidney cDNA 
libraries with the same probe at low stringency. Clones en- 
. coding full-length mouse and human WISP-2 were isolated by 
screening a C57MG/Wnt-1 or human fetal lung cDNA library 
with a probe corresponding to nucleotides 1463-1512. Full- 
length cDNAs encoding WlSP-3 were cloned from human 
bone marrow and fetal kidney libraries. 

Expression of Human WISP RNA. PCR amplification of 
first-strand cDNA was performed with human Multiple Tissue 
cDNA panels (CLONTECH) and 300 fiM of each dNTP at 
94°C for 1 sec, 62°C for 30 sec, 72°C for 1 min, for 22-32 cycles. 
WISP and glyceraIdehyde-3-phosphate dehydrogenase primer 
sequences are available on request. 

In Situ Hybridization. 33 P-labeled sense and antisense ribo- 
probes were transcribed from an 897-bp PCR product correT 
sponding to nucleotides 601-1440 of mouse WISP-1 or a 
294-bp PCR product corresponding to nucleotides 82-375 of 
mouse WISP-2. All tissues were processed as described (40). 

Radiation Hybrid Mapping. Genomic DNA from each 
hybrid in the Stanford G3 and Genebridge4 Radiation Hybrid 
Panels (Research Genetics, Huntsville, AL) and human and 
hamster control DNAs were PCR-ampIified, and the results 
were submitted to the Stanford or Massachusetts Institute of 
Technology web servers. 

Cell Lines, Tumors, and Mucosa Specimens. Tissue speci- 
mens were obtained from the Department of Pathology (Uni- 
versity of Pittsburgh) for patients undergoing colon resection 
and from the University of Leeds, United Kingdom. Genomic 
DNA was isolated (Qiagen) from the pooled blood of 10 
normal human donors, surgical specimens, and the following 
ATCC human cell lines: SW480, COLO 320DM, HT-29, 
WiDr, and SW403 (colon adenocarcinomas), SW620 (lymph 
node metastasis, colon adenocarcinoma), HCT 116 (colon 
carcinoma), SK-CO-1 (colon adenocarcinoma, ascites), and 
HM7 (a variant of ATCC colon adenocarcinoma cell line LS 
174T). DNA concentration was determined by using Hoechst 
dye 33258 intercalation f luorimetry. Total RNA was prepared 
by homogenizatipn in 7 M GuSCN followed by centrifugation 
over CsCI cushions or prepared by using RNAzoI. 

Gene Amplification and RNA Expression Analysis. Relative 
gene amplification and RNA expression of WISPs and c-myc in 
the cell lines, colorectal tumors, and normal mucosa were 
determined by quantitative PCR. Gene-specific primers and 
fluorogenic probes (sequences available on request) were 
designed and used to amplify and quantitate the genes. The 
relative gene copy number was derived by using the formula 
2(Act> wnere represents the difference in amplification 
cycles required to detect the WISP genes in peripheral blood 
lymphocyte DNA compared with colon tumor DNA or colon 
tumor RNA compared with normal mucosal RNA The 
8-method was used for calculation of the SE of the gene copy 
number or RNA expression level. The H75/'-specific signal was 
normalized to that of the glyceraldehyde-3-phosphate dehy- 
drogenase housekeeping gene. All TaqMan assay reagents 
were obtained from Perkin-Elmer Applied Biosystems. 

RESULTS 

Isolation of WISP-1 and WISP-2 by SSH. To identify Wnt- 
1-inducible genes, we used the technique of SSH using the 



mouse mammary epithelial cell line C57MG and C57MG cells 
that stably express Wnt-1 (11). Candidate differentially ex- 
pressed cDNAs (1,384 total) were sequenced. Thirty-nine 
percent of the sequences matched known genes or homo- 
logues, 32% matched expressed sequence tags, and 29% had 
no match. To confirm that the transcript was differentially 
expressed, semiquantitative reverse transcription-PCR and 
Northern analysis were performed by using mRNA from the 
C57MG and C57MG/Wnt-1 ceils. 

Two of the cDNAs, WISP-1 and WISP-2, were differentially 
expressed, being induced in the C57MG/Wnt-1 cell line, but. 
not in the parent C57MG cells or C57MG cells overexpressing 
Wnt-4 (Fig. 1 A and B). Wnt-4, unlike Wnt-1, does not induce 
the morphological transformation of C57MG cells and has no 
effect on 0-catenin levels (13, 14). Expression of WISP-1 was 
up-regulated approximately 3-fold in the C57MG/Wnt-1 cell 
line and WISP-2 by approximately 5-fold by both Northern 
analysis and reverse transcription-PCR. 

An independent, but similar, system was used to examine 
WISP expression after Wnt-1 induction. C57MG cells express- 
ing the Wnt-1 gene under the control of a tetracycline- 
repressible promoter produce low amounts of Wnt-1 in the 
repressed state but show a strong induction of Wnt-1 mRNA 
and protein within 24 hr after tetracycline removal (8). The 
levels of Wnt-1 and WISP RNA isolated from these cells at 
various times after tetracycline removal were assessed by 
quantitative PCR. Strong induction of Wnt-l mRNA was seen 
as early as 10 hr after tetracycline removal. Induction of WISP 
mRNA (2- to 6-fold) was seen at 48 and 72 hr (data not shown). 
These data support our previous observations that show that 
WISP induction is correlated with Wnt-1 expression. Because 
the induction is slow, occurring after approximately 48 hr, the 
induction of WISPs may be an indirect response to Wnt-1 
signaling. 

cDNA clones of human WlSP-1 were isolated and the 
sequence compared with mouse WISP-1. The cDNA sequences 
of mouse and human WISP-1 were 1,766 and 2,830 bp in length, 
respectively, and encode proteins of 367 aa, with predicted 
relative molecular masses of ^40,000 (M r 40 K). Both have 
hydrophobic N-terminal signal sequences, 38 conserved cys- 
teine residues, and four potential N-linked glycosylation sites 
and are 84% identical (Fig. Z4). . 

Full-length cDNA clones of mouse and human WISP-2 were 
1,734 and 1,293 bp in length, respectively, and encode proteins 
of 251 and 250 aa, respectively, with predicted relative molec- 
ular masses of ~ 27,000 (M, 27 K) (Fig. IB). Mouse and human 
WISP-2 are 73% identical. Human WISP-2 has no potential 
N-linked glycosylation sites, and mouse WISP-2 has one at 
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Fig. 1. WISP-1 and WISP-2 are induced by Wnt-1, but not Wnt-4, 
expression in C57MG cells. Northern analysis of WISP-1 (A) and 
WISP-2 (B) expression in C57MG. C57MG/Wnt-1, and C57MG/ 
Wnt-4 cells. Poly(A) + RNA (2 ^g) was subjected to Northern blot 
analysis and hybridized with a 70-bp mouse W7S/ , -/-specific probe 
(amino acids 278-300) or a 190-bp »75/'-2-specific probe (nucleotides 
1438-1627) in the 3' untranslated region. Blots were rehybridized with 
human 0-actin probe, 
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Fig. 2. Encoded amino acid sequence alignment of mouse and 
human WISP-1 (A) and mouse and human WISP-2 (B). The potential 
signal sequence, insulin-like growth factor-binding protein (IGF-BP), 
VWG, thrombospondin (TSP), and C-terminal (CT) domains are 
. underlined. 

position 197. WISP-2 has 28 cysteine residues that are con- 
served among the 38 cysteines found in WISP-l. 

Identification of WISPS. To search for related proteins, we 
screened expressed sequence tag (EST) databases with the 
WISP-1 protein sequence and identified several ESTs as 
potentially related sequences. We identified a homologous 
protein that we have called WISPt3. A full-length human 
WISPS cDNAof 1371 bp was isolated corresponding to those 
ESTs that encode a 354 7 aa protein with a predicted molecular 
mass of 39,293. WISP-3 has two potential N-linked glycosyl- 
ation sites and 36 cysteine residues. An alignment of the three 
human WISP proteins shows that WISP-1 and WISP-3 are the 
most similar (42% identity), whereas WISP-2 has 37% identity 
with WISP-1 and'32% identity with WISP-3 (Fig. 3A). 

WISPs Are Homologous to the CTGF Family of Proteins. 
Human WISP-1, WISPS, and WISPS are novel sequences; 
however, mouse WISP-1 is the same as the recently identified 
Elml gene. Elml is expressed in low, but not high, metastatic 
mouse melanoma cells, and suppresses the in vivo growth and 
metastatic potential of K-1735 mouse melanoma cells (15). 
Human and mouse WISPS are homologous to the recently 
described rat gene, rCop-I (16). Significant homology (36- 
44%) was seen to the CCN family of growth factors. This family 
includes three members, CTGF, Cyr61, and the protoonco- 
gene nov. CTGF is a chemotactic and mitogenic factor for 
fibroblasts that is implicated in wound healing and fibrotic 
disorders and is induced by TGF-/3 (17). Cyr61 is an extracel- 
lular matrix signaling molecule that promotes cell adhesion, 
proliferation, migration, angiogenesis, and tumor growth (18, 
19). nov (nephroblastoma overexpressed) is an immediate 
early gene associated with quiescence and found altered in 
Wilms tumors (20). The proteins of the CCN family share 
functional, but not sequence, similarity to .Wnt-1. All are 
secreted, cysteine-rich heparin binding glycoproteins that as- 
sociate with the cell surface and extracellular matrix. 

WISP proteins exhibit the modular architecture of the CCN 
family, characterized by four conserved cysteine-rich domains 
(Fig. 3B) (21). The N-terminal domain, which includes the first 
12 cysteine residues, contains a consensus sequence (GCGC- 
CXXC) conserved in most insulin-like growth factor (IGF)- 
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Fig. 3. (A) Encoded amino acid sequence alignment of human 
WISPs. The cysteine residues of WlSP-l and WISP-2 that are not 
present in WISP-3 are indicated with a dot. (B) Schematic represen- 
tation of the WISP proteins showing the domain structure and cysteine 
residues (vertical lines). The four cysteine residues in the VWC domain 
that are absent in WISP-3 are indicated with a dot. (C) Expression of 
WISP mRNA in human tissues. PCR was performed on human 
multiple-tissue cDNA panels (CLONTECH) from the indicated adult 
and fetal tissues. 

binding proteins (BP). This sequence is conserved in WISP-2 
and WISP-3, whereas WISP-1 has a glutamine in the third 
position instead of a glycine. CTGF recently has been shown 
to specifically bind IGF (22) and a truncated nov protein 
lacking the IGF-BP domain is oncogenic (23). The von Wil- 
lebrand factor type C module (VWC), also found in certain 
collagens and mucins, covers the next 10 cysteine residues, and 
is thought to participate in protein complex formation and 
oligomerization (24). The VWC domain of WISP-3 differs 
from all CCN family members described previously, in that it 
contains only six of the 10 cysteine residues (Fig. 3 A and B). 
A short variable region follows the VWC domain. The third 
module, the thrombospondin (TSP) domain is involved in 
binding to sulfated glycoconjugates and contains six cysteine 
residues and a conserved WSxCSxxCG motif first identified in 
thrombospondin (25). The C-terminal (CT) module contain- 
ing the remaining 10 cysteines is thought to be involved in 
dimerization and receptor binding (26). The CT domain is 
present in all CCN family members described, to date but is 
absent in WISP-2 (Fig. 3 A and B). The existence of a putative 
signal sequence and the absence of a transmembrane domain 
suggest that WISPs are secreted proteins, an observation 
supported by an analysis of their expression and secretion from 
mammalian cell and baculovirus cultures (data not shown).. 

Expression of WISP mRNA in Human Tissues. Tissue- 
specific expression of human WISPs was characterized by PCR 
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analysis on adult and fetal multiple tissue cDNA panels. 
WlSP-1 expression was seen in the adult heart, kidney, lung, 
pancreas, placenta, ovary, small intestine, and spleen (Fig. 3C). 
Little or no expression was detected in the brain, liver, skeletal 
muscle, colon, peripheral blood leukocytes, prostate, testis, or 
thymus. WISP-2 had a more restricted tissue expression and 
was detected in adult skeletal muscle, colon, ovary, and fetal 
lung. Predominant expression of WISPS was seen in adult 
kidney and testis and fetal kidney. Lower levels of WISP-3 
expression were detected in placenta, ovary, prostate, and 
small intestine. 

In Situ Localization of WISP-1 and WISP-2. Expression of 
WISP-l and iVISP-2 was assessed by in situ hybridization in 
mammary tumors from Wnt-1 transgenic mice. Strong expres- 
sion of WISP-1 was observed in stromal Fibroblasts lying within 
the fibrovascular tumor stroma (Fig. 4 A-D). However, low- 
level WISP-1 expression also was observed focally within tumor 
cells (data not shown). No expression was observed in normal 
breast. Like WISP-1, WISP-2 expression also was seen in the 
tumor stroma in breast tumors from Wnt-1 transgenic animals 
(Fig. 4 E-H). However, WISP-2 expression in the stroma was 
in spindle-shaped cells adjacent to capillary vessels, whereas 
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• Fig. 4. (A,C,E, and G) Representative hematoxylin/eosin-stained 
images from breast tumors in Wnt-1 transgenic mice. The correspond- 
ing dark-field images showing WISP-1 expression are shown in B and 
D. The tumor is a moderately well-differentiated adenocarcinoma 
showing evidence of adenoid cystic change. At low power (A and B),. 
expression of WISP-1 is seen in the delicate branching fibrovascular 
tumor stroma (arrowhead). At higher magnification, expression is seen 
in the stromal(s) fibroblasts (C and D), and tumor cells are negative. 
Focal expression of WISP-1, however, was observed in tumor cells in 
some areas. Images of WISP-2 expression are shown in E-H. At low 
power (E and F),.expressibn of WISP-2 is seen in cells lying within the 
fibrovascular tumor stroma. At higher magnification, these cells 
appeared to be adjacent to capillary vessels whereas tumor cells are 
negative (G and H). 



the predominant cell type expressing WISP-1 was the stromal 
fibroblasts. 

Chromosome Localization of the WISP Genes. The chro- 
mosomal location of the human WISP genes was determined 
by radiation hybrid mapping panels. WISP-1 is approximately 
3.48 cR from the meiotic marker AFM259xc5 [logarithm of 
odds (lod) score 16.31] on chromosome 8q24.1 to 8q24.3, in the 
same region as the human locus of the novH family member 
(27) and roughly 4 Mbs distal to c-myc (28). Preliminary fine 
mapping indicates that WISP-1 is located near D8S1712 STS. 
WISP-2 is linked to the marker SHGC-33922 (lod = 1,000) on 
chromosome 20ql2-20ql3.1. Human WISP-3 mapped to chro- 
mosome 6q22-6q23 and is linked to the marker AFM211ze5 
(lod = 1,000). WISPS is approximately 18 Mbs proximal to 
CTGF and 23 Mbs proximal to the human cellular oncogene 
MYB (27, 29). 

Amplification and Aberrant Expression of WISPs in Human 
Colon Tumors. Amplification of protooncogenes is seen in 
many human tumors and has etiological and prognostic sig- 
nificance. For example, in a variety of tumor types, c-myc 
amplification has been associated with malignant progression 
and poor prognosis (30). Because WISP-1 resides in the same 
general chromosomal location (8q24) as c-myc, we asked 
whether it was a target of gene amplification, and, if so, 
whether this amplification was independent of the c-myc locus.. 
Genomic DNA from human colon cancer cell lines was 
assessed by quantitative PCR and Southern blot analysis. (Fig. 
5 A and B). Both methods detected similar degrees of WISP-1 
amplification. Most cell lines showed significant (2- to 4-fdld) 
amplification, with the HT-29 and WiDr cell lines demonstrat- 
ing an 8-fold increase. Significantly, the pattern of amplifica- 
tion observed did not correlate with that observed for c-myc, 
indicating that the c-myc gene is not part of the amplicon that 
involves the WISP-1 locus. 

We next examined whether the WISP genes were amplified 
in a panel of 25 primary human colon adenocarcinomas. The 
relative WISP gene copy number in each colon tumor DNA 
was compared with pooled normal DNA from 10 donors by 
quantitative PCR (Fig. 6). The copy number of WISP-1 and 
WISP-2 was significantly greater than one, approximately 
2-fold for WISP-1 in about 60% of the tumors and 2- to 4-fold 
for WISP-2 in 92% of the tumors (P < 0.001 for each). The 
copy number for WISPS was indistinguishable from one (P = 
0.166). In addition, the copy number of WISP-2 was signifi- 
cantly higher than that of WISP-1 (P < 0.001). 

The levels of WISP transcripts in RNA isolated from 19 
adenocarcinomas and their, matched normal mucosa were 




Fig.5. Amplification of W7S/>-/ genomic DNA in colon cancerceli 
lines. (A) Amplification in cell line DNA was determined by quanti- 
tative PCR. (B) Southern blots containing genomic DNA (10 u.g) 
digested with £coRI (WISP-1) or Xbal (c-myc) were hybridized with 
al00-bp human WISP-1 prqbe (amino acids 186-219) or a human 
c-myc probe (located at bp 1901-2000). The WISP and myc genes are 
detected in normal human genomic DNA after a longer film exposure. 
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Fig. 6. Genomic amplification of WISP genes in human colon 
tumors. The relative gene copy number of the WISP genes in 25 
adenocarcinomas was assayed by quantitative PCR, by comparing 
DNA from primary human tumors with pooled DNA from 10 healthy 
donors. The data are means ± SEM from one experiment done in 
triplicate. The experiment was repeated at least three times. 

assessed by quantitative PCR (Fig.. 7). The level of WISP-1 
RNA present in tumor tissue varied but was significantly 
increased (2- to >25-fold) in 84% (16/19) of the human colon 
tumors examined compared, with normal adjacent mucosa. 
Four of 19 tumors showed greater than 10-fold overexpression. 
In contrast, in 79% (15/19) of the tumors examined, WISP-2 
RNA expression was significantly lower in the tumor than the 
mucosa. Similar to WISP-1, WISP-3 RNAwasoverexpressed in 
63% (12/19) of the colon tumors compared with the normal 
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. Flo. 7. RNA expression in primary human colon tumors 

relative to expression in normal mucosa from the same patient 
Expression of WISP mRNA in 19 adenocarcinomas was assayed by 
quantitative PCR. The Dukes stage of the tumor is listed under the 
sample number. The data are means ± SEM from one experiment 
done in triplicate. The experiment was repeated at least twice. 



mucosa. The amount of overexpression of WISP-3 ranged from 
4- to >40-fold. 



DISCUSSION 

One approach to understanding the molecular basis of cancer 
is to identify differences in gene expression between cancer 
cells and normal cells. Strategies based on assumptions that 
steady-state mRNA levels will differ between normal and 
malignant cells have been used to clone differentially ex- 
pressed genes (31). We have used a PCR-based selection 
strategy, SSH, to identify genes selectively expressed in 
C57MG mouse mammary epithelial cells transformed by 
Wnt-1. 

Three of the genes isolated, WISP-1, WISP-2, and WISP-3, 
are members of the CCN . family of growth factors, which 
includes CTGF, Cyr61, and nov, a family not previously linked 
to Wnt signaling. 

Two independent experimental systems demonstrated that 
WISP induction was associated with the expression of Wnt-1. 
The first was C57MG cells infected with a Wnt-1 retroviral 
vector or C57MG cells expressing Wnt-1 under the control of. 
a tetracyline-repressible promoter, and the second was in 
Wnt-1 transgenic mice, where breast tissue expresses Wnt-1, 
whereas normal breast tissue does not. No WISP RNA expres- 
sion was detected in mammary tumors induced by polyoma 
virus middle T antigen (data not shown). These data suggest 
a link between Wnt- 1 and WISPs in that in these two situations, 
WISP induction was correlated with Wnt-1 expression. 

It is not clear whether the WISPs are directly or indirectly 
induced by the downstream components of the Wnt-1 signaling 
pathway (i.e., 0-catenin-TCF-l/Lefl). The increased levels of 
WISP RNA were measured in Wnt-l-transformed cells, hours 
or days after Wnt-1 transformation. Thus, WISP expression 
could result from Wnt-1 signaling directly through 0-catenin 
transcription factor regulation or alternatively through Wnt-1 
signaling turning on a transcription factor, which in turn 
regulates WISPs. 

The WISPs define an additional subfamily of the CCN family 
of growth factors. One striking difference observed in the . 
protein sequence of WISP-2 is the absence of a CT domain, 
which is present in CTGF, Cyr61, nov, WISP-1, and WISP-3. 
This domain is thought to be involved in receptor binding and 
dimerization. Growth factors, such as TGF-j3, platelet-derived 
growth factor, and nerve growth factor, which contain a cystine 
knot motif exist as dimers (32). It is tempting to speculate that 
WISP-1 and WISP-3 may exist as dimers, whereas WISP-2 
exists as a monomer. If the CT domain is also important for 
receptor binding, WISP-2 may bind its receptor through a 
different region of the molecule than the other CCN family 
members. No specific receptors have been identified for CTGF 
or nov. A recent report has shown that integrin a v 03 serves as 
an adhesion receptor for Cyr61 (33). 

The strong expression of WISP-1 and WISP-2 in cells lying 
within the fibrovascular tumor stroma in breast tumors from 
Wnt-1 transgenic animals is consistent with previous obser- • 
vations that transcripts for the related CTGF gene are pri- 
marily expressed in the fibrous stroma of mammary tumors 
(34). Epithelial cells are thought to control the proliferation of 
connective tissue stroma in mammary tumors by a cascade of 
growth factor signals similar to that controlling connective 
■ tissue formation during wound repair. It has been proposed 
that mammary tumor cells or inflammatory cells at the tumor 
interstitial interface secrete TGF-01, which is the stimulus for 
stromal proliferation (34). TGF-/31 is secreted by a large 
percentage of malignant breast tumors and may be one of the 
growth factors that stimulates the production of CTGF and 
WISPs in the stroma. 

It was of interest that WISP-1 and WISP-2 expression was 
observed in the stromal cells that surrounded the tumor cells 
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(epithelial cells) in the Wnt-1 transgenic mouse sections of 
breast tissue. This finding suggests that paracrine signaling 
could occur in which the stromal cells could supply WISP-1 and 
W1SP-2 to regulate tumor cell growth on the WISP extracel- 
lular matrix. Stromal cell-derived factors in the extracellular 
matrix have been postulated to play a role in tumor cell 
migration and proliferation (35). The localization of WISP-1 
and WlSP-2 in the stromal cells of breast tumors supports this 
paracrine model. 

An analysis of WISP-1 gene amplification and expression in 
human colon tumors showed a correlation between DNA 
amplification and overexpression, whereas overexpression of 
WlSP-3 RNA was seen in the absence of DNA amplification. 
In contrast, WISP-2 DNA was amplified in the colon tumors, 
but its mRNA expression was significantly reduced in the 
majority of tumors compared with the expression in normal 
colonic mucosa from the same patient. The gene for human 
WISP4! was localized to chromosome 20ql2-20ql3, at a region 
frequently amplified and associated with poor prognosis in 
node negative breast cancer and many colon cancers, suggest- 
ing the existence of one or more oncogenes at this locus 
(36-38). Because the center of. the 20ql3 amplicon has not yet 
been identified, it is possible that the apparent amplification 
observed for WISP-2 may be caused by another gene in this 
amplicon. 

A recent manuscript on rCop-1, the rat orthologue of 
WISP-2, describes the loss of expression of this gene after cell 
transformation, suggesting it may be a negative regulator of 
growth in cell lines (16). Although the mechanism by which 
WISP-2 RNA expression is down-regulated during malignant 
transformation is unknown, the reduced expression of WISP-2 
in colon tumors and cell lines suggests that it m2y function as 
a tumor, suppressor. These results show that the WISP genes 
are aberrantly expressed in colon cancer and suggest that their 
altered expression may confer selective growth advantage to 
the rumor. 

Members of the Wnt signaling pathway have been impli- 
cated in the pathogenesis of colon cancer, breast cancer, and 
melanoma, including the tumor suppressor gene adenomatous 
polyposis coli and /3-catenin (39). Mutations in specific regions 
of either gene can cause the stabilization and accumulation of 
cytoplasmic /3-catenin, which presumably contributes to hu- 
man carcinogenesis through the activation of target genes such 
as the WISPs. Although the mechanism by which Wnt-1 
transforms cells and induces tumorigenesis is unknown, the 
identification of WISPs as genes that may be regulated down- 
stream of Wnt-1 in C57MG cells suggests they could be 
important mediators of Wnt-1 transformation. The amplifica- 
tion and altered expression patterns of the WISPs in human 
colon tumors may indicate an important role for these genes 
in tumor development. . 
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methods. Peptides AENK or AEQKwere dissolved in water, made isotonic with 
NaCl and diluted into RPMI growth medium. T-cefl-proliferation assays were 
done essentially as described""'. Briefly, after antigen pulsing (30u,gmr' 
TTCF) with tetrapeptides (l-2mgmr'), PBMCs or EBV-B cells were 
washed in PBS and fixed for 45 s in 0.05% glutaraldehyde. Glycine was added 
to a final concentration of 0.1 M and the cells were washed five times in RPMI 
1640 medium containing 1% FCS before co-culture with T-cell clones in 
round-bottom 96-well microtitre plates. After 48 h, the cultures were pulsed 
with 1 u.Ci of J H-thymidineand harvested for scintillation counting 16 h later. 
Predigestion of native TTCF was done by incubating 200 p.g TTCF with 0.25 u.g 
pig kidney legumain in 500 (il 50 mM citrate buffer, pH 5.5, for 1 h at 37 °C 
Glycopeptide digestions. The peptides HIDNEEDI. HIDN(N-glucosamine) 
EEDI and HIDNESDI, which are based on the TTCF sequence, and 
QQQHLFGSNVTDCSGNFCLFR(KKK). which is based on human transferrin, 
were obtained by custom synthesis. The three C-terminal lysine residues were 
added to the natural sequence to aid solubility. The transferrin glycopeptide 
QQQHLFGSNVTDCSGNFCLFR was prepared by tryptic (Promega) digestion 
of 5 mg reduced, carboxyrmethylated human transferrin followed by 
concanavalin A chromatography". Glycopeptides corresponding to residues 
622-642 and 421-452 were isolated by reverse-phase HPLG and identified by 
mass spectrometry and N-terminal sequencing. The lyophilized transferrin- 
derived peptides were redissolved in 50 mM sodium acetate, pH 5.5, 10 mM 
dithiothreitol, 20% methanol. Digestions were performed for 3 h at 30 °C with 
5-50 mU ml" 1 pig kidney legumain or B-cell AEP. Products were analysed by 
HPLC or MALDI-TOF mass spectrometry using a matrix of lOmgml"' a- 
cyanocinnamic acid in 50% acetonitrile/0. 1% TFA and a PerSeptive Biosystems 
Elite STR mass spectrometer set to linear or reflector mode. Internal standar- 
dization was obtained with a matrix ion of 568.13 mass units! 
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Fas ligand (FasL) is produced by activated T cells and natural 
killer cells and it induces apoptosis (programmed cell death) in 
target cells through the death receptor Fas/Apol/CD95 (ref. 1). 
One important role of FasL and Fas is to mediate immune- 
cytotoxic killing of cells that are potentially harmful to the 
organism, such as .virus-infected, or tumour cells 1 . Here we 
report the discovery of a soluble decoy receptor, termed decoy 
receptor 3 (DcR3), that binds to FasL and inhibits FasL-induced 
apoptosis. The DcR3 gene was amplified in about half of 35 
primary lung and colon tumours studied, and DcR3 messenger 
RNA was expressed in malignant tissue. Thus, certain tumours 
may escape FasL-dependent immune-cytotoxic attack by expres- 
sing a decoy receptor that blocks FasL. 

By searching expressed sequence tag (EST) databases, we identi- 
fied a set of related ESTs that showed homology to the tumour 
necrosis factor (TNF) receptor (TNFR) gene superfamily 2 . Using 
the overlapping sequence, we isolated a previously unknown full- 
length complementary DNA from human fetal lung. We named the 
protein encoded by this cDNA decoy receptor 3 (DcR3). The cDNA 
encodes a 300-amino-acid polypeptide that resembles members of 
the TNFR family (Fig. la): the amino terminus contains a leader 
sequence, which is followed by four tandem cysteine-rich domains 
(CRDs). Like one other TNFR homologue, osteoprotegerin (OPG) 3 , 
DcR3 lacks an apparent transmembrane sequence, which indicates 
that it may be a secreted, rather than a membrane-asscociated, 
molecule. We expressed a recombinant, histidine-tagged form of 
DcR3 in mammalian cells; DcR3 was secreted into the cell culture 
medium, and migrated on polyacrylamide gels as a protein of 
relative molecular mass 35,000 (data not shown). DcR3 shares 
sequence identity in particular with OPG (31%) and TNFR2 
(29%), and has relatively less homology with Fas (17%). All of 
the cysteines in the four CRDs of DcR3 and OPG are conserved; 
however, the carboxy-terminal portion of DcR3 is 101 residues 
shorter. 

We analysed expression of DcR3 mRNA in human tissues by 
northern blotting (Fig. lb). We detected a predominant 1.2-kilobase 
transcript in fetal lung, brain, and liver, and in adult spleen, colon 
and lung. In addition, we observed relatively high.DcR3 mRNA 
expression in the human colon carcinoma cell line SW480. 

To investigate potential ligand interactions of DcR3, we generated 
a recombinant, Fc-tagged DcR3 protein. We tested binding of 
DcR3-Fc to human 293 cells transfected. with individual TNF- 
family ligands, which are expressed as type 2 transmembrane 
proteins (these transmembrane proteins have their N termini in 
the cytosol). DcR3-Fc showed a significant increase in binding to 
cells transfected with FasL* (Fig. 2a), but not to cells transfected with 
TNF 5 , AP02L/TRAIL", Apo3L/TWEAK w , or OPGL/TRANCE/ 
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RANKL 10 "' 2 (data not shown). DcR3-Fc immunoprecipitated shed 
FasL from FasL-transfected 293 cells (Fig. 2b) and purified'soluble 
FasL (Fig. 2c), as did the Fc-tagged ectodomain of Fas but not 
TNFR1. Gel-filtration chromatography showed that DcR3-Fc and 
soluble FasL formed a stable complex (Fig. 2d). Equilibrium 
analysis indicated that DcR3-Fc and Fas-Fc bound to soluble 
FasL with a comparable affinity (K d = 0.8 i 0.2 and 
l.l±0.1nM, respectively; Fig. 2e), and that DcR3-Fc could 
block nearly all of the binding of soluble FasL to Fas-Fc (Fig. 2e, 
inset). Thus, DcR3 competes with Fas for binding to FasL. 

To determine whether binding of DcR3 inhibits FasL activity, we 
tested the effect of DcR3-Fc on apoptosis induction by soluble 
FasL in Jurkat T leukaemia cells, which express Fas (Fig. 3a). DcR3- 
Fc and Fas-Fc blocked soluble-FasL-induced apoptosis in a 
similar dose-dependent manner, with half-maximal inhibition at 
—0.1 fj.gmP'. Time-course analysis showed that the inhibition did 
not merely delay cell death, but rather persisted for at least 24 hours 
(Fig. 3b). We also tested the effect of DcR3-Fc on activation-' 
induced cell death (AICD) of mature T lymphocytes, a FasL- 
dependent process'. Consistent with previous results", activation 
of interleukin-2-stimulated CD4-positive T cells with anti-CD3 
antibody increased the level of apoptosis twofold, and Fas-Fc 
blocked this effect substantially (Fig. 3c); DcR3-Fc blocked the 
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Figure 1 Primary structure and expression of human DcR3. a. Alignment of the 
amino-acid sequences of DcR3 and of osteoprotegerin (OPG); the C-terminal 101 
residues of OPG are not shown. The putative signal cleavage site (arrow), the 
cysteine-rich domains (CRD 1 -4), and the AMinked glycosylation site (asterisk) are 
shown, b. Expression of OcR3 mRMA. Northern hybridization analysis was done 
using the DcR3 cDNA as a probe and blots of poly(A)' RNA (Clontech) from 
human fetal and adult tissues or cancer cell lines. PBL. peripheral blood 
lymphocyte: 



induction of apoptosis to a similar extent. Thus, DcR3 binding 
blocks apoptosis induction by FasL. 

FasL-induced apoptosis is important in elimination of virus- 
infected cells and cancer cells by natural killer cells and cytotoxic T 
lymphocytes; an alternative mechanism involves perforin and 
granzymes'-"-' 6 . Peripheral blood natural killer cells triggered 
marked cell death in Jurkat T leukaemia cells (Fig. 3d); DcR3-Fc 
and Fas-Fc each reduced killing of target cells from -65% to' 
—30%, with half-maximal inhibition at ~lu.gmr'; the residual 
killing was probably mediated by the perforin/granzyme pathway. 
Thus, DcR3 binding blocks_ FasL-dependent natural killer cell 
activity. Higher DcR3-Fc and Fas-Fc concentrations were required 
to. block natural killer cell activity compared with those required to 
block soluble FasL activity, which is consistent with the greater 
potency of membrane-associated FasL compared with soluble 
FasL". 

Given the role of immune-cytotoxic cells in elimination of 
tumour cells and the fact that DcR3 can act as an inhibitor of 
FasL, we proposed that DcR3 expression might contribute to the 
ability of some tumours to escape immune-cytotoxic attack. As 
genomic amplification frequently contributes to tumorigenesis, we 
investigated whether the DcR3 gene is amplified in cancer. We 
analysed DcR3 gene-copy number by quantitative polymerase chain 
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Rgure 2 Interaction of DcR3 with FasL a, 293 cells were transfected with pRK5 
vector. (top) or with pRK5 encoding full-length FasL (bottom), incubated with 
DcR3-Fc (so|id line, shaded area), TNFRl-Fc (dotted line) or buffer control 
(dashed line) (the dashed and dotted lines overlap), and analysed for binding by. 
FACS. Statistical analysis showed a significant difference (P < 0.001 ) between the 
binding of DcR3-Fc to cells transfected with FasL or pRK5. PE. phycoerythrin- 
labelled cells, b, 293 cells were transfected as in a and metabolically labelled, and 
cell supernatants were immunoprecipitated with Fc-tagged TNFR1. DcR3 or Fas. 
c. Purified soluble FasL (sFasL) was immunoprecipitated with TNFRl-Fc, DcR3- 
Fc or Fas-Fc and visualized by immunoblot with anti-FasL antibody. sFasL was 
loaded directly for comparison in the right-hand lane, d. Flag-tagged sFasL was 
incubated with DcR3-Fc or with buffer and resolved by gel filtration; column 
fractions were analysed in an assay that detects complexes containing DcR3-Fc 
and sFasL-Flag: e. Equilibrium binding of OcR3-Fc or Fas-Fc to sFasL-Flag. 
Inset competition of OcR3-Fc with Fas-Fc for binding to sFasL-Flag. 
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reactionlPCR) 1 " in genomic DNA from 35 primary lung and colon 
tumours, relative to pooled genomic DNA from peripheral blood 
leukocytes (PBLs) of 10 healthy donors. Eight of 18 lung tumours 
and 9 of 17 colon tumours showed DcR3 gene amplification, 
ranging from 2- to 18-fold (Fig. 4a, b). To confirm this result, we 
analysed the colon tumour DNAs with three more, independent sets 
of DcR3-based PCR primers and probes; we observed nearly the 
same amplification (data not shown). 

We then analysed DcR3 mRNA expression in primary tumour 
tissue sections by in situ hybridization. We detected DcR3 expres- 
sion in 6 out of 15 lung tumours, 2 out of 2. colon tumours, 2 out of 5 
breast tumours, and I out of 1 gastric tumour (data not shown). A 
section through a squamous-cell carcinoma of the lung is shown in 
Fig. 4c. DcR3 mRNA was localized to infiltrating malignant epithe- 
lium, but was essentially absent from adjacent stroma, indicating 
tumour-specific expression. Although the individual tumour speci- 
mens that we analysed for mRNA expression and gene amplification 
were different, the in situ hybridization results are consistent with 
the finding that the DcR3 gene is amplified frequently in tumours. 
SW480 colon carcinoma cells, which showed abundant DcR3 
mRNA expression (Fig. lb),"also had marked DcR3 gene amplifica- 
tion, as shown by quantitative PCR (fourfold) and by Southern blot 
hybridization (fivefold) (data not shown). 

If DcR3 amplification in cancer is functionally relevant, then 
DcR3 should be amplified more than neighbouring genomic 
regions that are not important for tumour survival. To test this, 
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Figure 3 Inhibition of FasL activity by DcR3. a, Human Jurkat T leukaemia cells 
were incubated with Rag-tagged soluble FasL (sFasU.5ngmr') oligomerized 
with anti-Flag antibody (0.1 ngmr') in the presence of the proposed inhibitors 
DcR3-Fc. Fas-Fc or human IgGl arid assayed for apoptosis (mean ± s.e.m. of 
triplicates), b. Jurkat cells were incubated with sFasL-Flag plus anti-Flag antibody 
as in a, in presence of 1 ng ml"' DcR3-Fc (filled circles). Fas-Fc (open circles) or 
human IgGl (triangles), and apoptosis was determined at the indicated time 
points, c. Peripheral blood T cells were stimulated with PHA and interleukin-2. 
followed by control (white bars) or anti-CD3 antibody (filled bars), together with 
phosphate-buffered saline (PBS), human IgGl Fas-Fc. or DcR3-Fc (10 ng ml" 1 ). 
After 16 h, apoptosis of CD4* cells was determined (mean ± s.e jh. of results from 
five donors), d. Peripheral blood natural killer cells were incubated with 5 'Cr- 
labelled Jurkat cells in the presence of DcR3-Fc (rilled circles). Fas-Fc (open 
circles) or human IgGl (triangles), and target-cell death was determined by 
release of 6, Cr (mean i s.d. for two donors, each in triplicate).- 



we mapped the human DcR3 gene by radiation-hybrid analysis; 
DcR3 showed linkage to marker AFM2 18xe7 (T160), which maps to 
chromosome position 20ql3. Next, we isolated from a bacterial 
artificial chromosome (BAC) library a human genomic clone that 
carries DcR3, and sequenced the ends of the clone's insert. We then 
determined, from the nine colon tumours that showed twofold or 
greater amplification of DcR3. the copy number of the DcR3- 
flanking sequences (reverse and forward) from the BAC, and of 
seven genomic markers that span chromosome 20 (Fig. 4d). The 
DcR3-linked reverse marker showed an average amplification of 
roughly threefold, slighdy less than the approximately fourfold 
amplification of DcR3; the other markers showed little or no 
amplification. These data indicate that DcR3 may be at the 'epi- 
centre' of a distal chromosome 20 region that is amplified in colon 
cancer, consistent with the possibility that DcR3 amplification 
promotes tumour survival. 

Our results show that DcR3 binds specifically to FasL and inhibits 
FasL activity. We did not detect DcR3 binding to several other TNF- 
ligand-family members; however, this does not rule out the possi- 
bility that DcR3 interacts with other ligands, as do some other 
TNFR family members, including OPG ! ". 

FasL is important in regulating the immune response; however, 
little is known about how FasL function is controlled. One mechan- 
ism involves the molecule cFLIP, which modulates apoptosis signal- 
ling downstream of Fas 20 . A second mechanism involves proteolytic 
shedding of FasL from the cell surface' 7 . DcR3 competes with Fas for 
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Figure 4 Genomic amplification of DcR3 in tumours, a. Lung cancers, comprising 
eight adenocarcinomas (c. d. f. g, h, j. k, r). seven squamous-cell carcinomas (a, e. 
m. n. o, p. q), one non-small-cell carcinoma (b). one small-cell carcinoma (i). and 
one bronchial adenocarcinoma (I). The data are means ± s.d. of 2 experiments 
done in duplicate, b, Colon tumours, comprising 17 adenocarcinomas. Data are 
means * s.e.m. of five experiments done in duplicate, c. In situ hybridization 
analysis of DcR3 mRNA expression in a squamous-cell carcinoma of the lung. A 
representative bright-field image (left) and the corresponding dark-held image 
(right) show DcR3 mRNA over infiltrating malignant epithelium (arrowheads). 
Adjacent non-malignant stroma (S), blood vessel (V) and necrotic tumour tissue 
(N) are also shown, d. Average amplification of DcR3 compared with amplifica- 
tion of neighbouring genomic regions (reverse and forward. Rev and Fwd), the 
DcR3 1 linked marker T160, and other chromosome-20 markers, in the nine colon 
tumours showing OcR3 amplification of twofold or more (b). Data are from two 
experiments done in duplicate. Asterisk indicates P < 0.01 for a Student's Mest 
comparing each marker with DcR3. 
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FasL binding; hence, it may represent a third mechanism of 
extracellular regulation of FasL activity. A decoy receptor that 
modulates the function of the cytokine interleukin- 1 has been 
described 21 . In addition, two decoy receptors that belong to the 
TNFR family, DcRl and DcR2, regulate the FasL-related apoptosis- 
inducing molecule Apo2L". Unlike DcRl and DcR2, which are 
membrane-associated proteins, DcR3 is directly secreted into the 
extracellular space. One other secreted TNFR-family member is 
OPG 3 , which shares greater sequence homology with DcR3{31%) 
than do DcRl (17%) or DcR2 (19%); OPG functions as a third 
decoy for Apo2L". Thus, DcR3 and OPG define a new subset of 
TNFR-family members that function as secreted decoys to mod- 
ulate ligands that induce apoptosis. Pox viruses produce soluble 
TNFR homologues that neutralize specific TNF-family ligands, 
thereby modulating the antiviral immune response 2 . Our results 
indicate that a similar mechanism, namely, production of a soluble 
decoy receptor for FasL, may contribute to immune evasion by 
certain tumours. q 

Methods 

Isolation of DcR3 cDNA. Several overlapping ESTs in GenBank (accession 
numbers AA025672, AA025673 and W67560) and in Lifeseq™ (Incvte 
Pharmaceuticals; accession numbers 1339238, 1533571, 1533650, 1542861, 
1789372 and 2207027) showed similarity to members of the TNFR family. We 
screened human cDNA libraries by PCR with primers based on the region of 
EST consensus; fetal lung was positive for a product of the expected size. By 
hybridization to a PCR-generated probe based on the ESTs, one positive done 
(DNA30942) was identified: When searching for potential alternatively spliced 
forms of DcR3 that might encode a transmembrane protein, we isolated 50 
more clones; the coding'regibhs of these clones were identical in size to that of 
the initial clone (data not shown). •." 
Fc-fusion proteins (immunoadhesins). The entire DcR3 sequence, or the 
ectodomain of Fas or TNFR1 , was fused to the hinge and Fc region of human 
IgGl, expressed in insect SF9 cells or in human 293 cells, and purified as 
described". V. .. r 

Fluorescence-activated cell sorting (FACS) analysis. We transfected 293 
cells using calcium phosphate or Effectene (Qiagen) with pRK5 vector or pRK5 
encoding full-length human FasL 4 (2 u.g). together with pRK5 encoding CrmA 
(2p.g) to prevent cell death. After 16 h, the cells were incubated with 
biotinylated DcR3-Fc or TNFRl-Fc and then with phycoerythrin-conjugated 
streptavidiri (GibcoBRL),and were assayed by FACS. The data were analysed by 
Koimogorov-Smirnov statistical analysis. There was some detectable staining 
of vector-transfected cells by DcR3-Fc; as these cells express little FasL (data 
not shown),, it is possible that DcR3 recognized some other factor that is 
expressed constitutiyely on 293 cells. 

Immunopredpitation. Human 293 cells were transfected as above, and 
metabolically labelled with [ 35 S]cysteine and [ 3S S] methionine (0.5mCi; 
Amersham). After 16h of culture m the presence of z-VAD-fmk (lOu.M), 
the medium was immunoprecipitated with DcR3-Fc, Fas-Fc or TNFRl-Fc 
(5u.g), followed by protein A-Sepharose (Repligen). The precipitates were 
resolved by SDS-PAGE and visualized on a phosphorimager (Fuji BAS2000). 
Alternatively, purified. Hag-tagged soluble FasL (1 p.g) (Alexis) was incubated 
with each Fc-fusion protein (1 u.g), precipitated with protein A-Sepharose, 
resolved by SDS-PAGE and visualized by immunoblotting with rabbit anti- 
FasL antibody (Oncogene Research). 

Analysis of complex formation. Flag-tagged soluble FasL (25u,g) was 
incubated with buffer or with DcR3-Fc (40 p.g) for 1.5 h at 24 °C. The reaction 
was loaded onto a Superdex 200 HR 10/30 column (Pharmacia) and developed - 
with PBS; 0.6-ml tractions were collected. The presence of DcR3-Fc-FasL 
complex in each fraction was analysed by placing 100 uJ aliquots into microtitre 
wells precoated with anti-human IgG (Boehringer) to capture DcR3-Fc, 
followed by detection with biotinylated anti-Flag antibody Bio M2 (Kodak) and 
streptavidin-horseradish peroxidase (Amersham). Calibration of the column 
indicated an apparent relative molecular mass of the complex of 420K (data not 
shown), which is consistent with a stoichiometry of two DcR3-Fc homodimers 
to two soluble FasL homotrimers. 

Equilibrium binding analysis. Microtitre wells were coated with anti-human 



IgG, blocked with 2% BSA in PBS. DcR3-Fc or Fas-Fc was added, foUowed by 
serially diluted Hag-tagged soluble FasL Bound ligand was detected with anti- 
Flag antibody as above. In the competition assay, Fas-Fc was immobilized as 
above, and the wells were blocked with excess IgGl before addition of Hag 
tagged soluble FasL plus DcR3-Fc. 

T-cell AICD. CD3* lymphocytes were isolated from peripheral blood of 
individual donors using anti-CD3 magnetic beads (Miltenyi Biotech), 
stimulated with phytohaemaggluunin (PHA; 2 u.g ml"' ) for 24 h, and cultured 
in the presence of interleukin-2 ( 1 00 U ml" ' ) for 5 days. The cells were plated in 
wells coated with anti-CD3 antibody (Pharmingen) and analysed for apoptosis 
16 h later.by FACS analysis of annexin-V-binding of CD4* cells". 
Natural killer cell activity. Natural killer cells were isolated from peripheral 
blood of individual donors using anti-CD56 magnetic beads (Miltenyi 
Biotech), and incubated for 16 h with 51 Cr-loaded Jurkat cells at an effector- 
to-target ratio of 1:1 in the presence of DcR3-Fc, Fas-Fc or human IgGl. 
Target-cell death was determined by release of 51 Cr in effector-target co- 
cultures relative to release of 5, Cr by detergent lysis of equal numbers of Jurkat 
cells. 

Gene-amplification analysis. Surgical specimens were provided by J. Kern 
(lung tumours) and P. Quirke (colon tumours). Genomic DNA was extracted 
(Qiagen) and the concentration was determined using Hoechst dye 33258 
intercalation fluorometry. Amplification was determined by quantitative PCR" 
using a TaqMan instrument ( ABI). The method was validated by comparison of 
PCR and Southern hybridization data for the Myc and HER-2 oncogenes (data 
not shown). Gene-specific primers and fluorogenic probes were designed on 
the basis of the sequence of DcR3 or of nearby regions identified on a BAC 
carrying the human DcR3 gene; alternatively, primers and probes were based 
on Stanford Human Genome Center marker AFM218xe7 (T160), which is 
linked to DcR3 (likelihood score = 5.4), SHGC-36268 (TI59), the nearest 
available marker which maps to -500 kilobases from T160, and five extra 
markers that span chromosome 20. The DcR3-specific primer sequences were 
5'-CTTCTTCGCGCACGCTG-3' and 5'-ATCACCCCGGCACCAG-3' and the 
fluorogenic probe sequence was 5 ' -( FAM -ACACGATGCGTGCTCCAAGCAG 
AAp-(TAMARA), where FAM is 5'-fluorescein phosphoramidite. Relative 
gene-copy numbers were derived using the formula 2 iiCT) . where ACT is the 
difference in amplification cycles required to detect DcR3 in peripheral blood 
lymphocyte DNA compared to test DNA 
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ABC transporters (also known as traffic ATPases) form a large 
family of proteins responsible for the translocation of a variety 
of compounds across membranes of both prokaryotes and 
eukaryotes'. The recently completed Escherichia coli genome 
sequence revealed that the largest family of paralogous £. coli 
proteins is . composed of ABC transporters 2 . Many 'eukaryotic 
proteins of medical significance belong to this family, such as 
the cystic fibrosis transmembrane conductance regulator (CFTR), 
the P-glycoprotein (or multidrug-resistance protein) and the 
heterodimeric transporter associated with antigen processing 
(Tapl-Tap2). Here we report the crystal structure at 1.5 A resolu- 
tion of HisP, the ATP-binding subunit of the histidine permease, 
which is an ABC transporter horn Salmonella typhimurium. We 
correlate the details of this structure with the biochemical, genetic 
and biophysical properties of the wild-type and several mutant 
HisP proteins. The structure provides a basis for understanding 
properties of ABC transporters and. of defective CFTR proteins. 

ABC transporters contain four structural domains: two nucleo- 
tide-binding domains (NBDs), which are highly conserved 
throughout the family, and two transmembrane domains'. In 
prokaryotes these domains are often separate subunits which are 
assembled into a membrane-bound complex; in eukaryotes the 
domains are generally fused into a single polypeptide chain. The 
periplasmic histidine permease of S. typhimurium and E. coli'" 5 '' is a 
well-characterized ABC transporter that is a good model for this 
superfamily. It consists of a.membrane-bound complex, HisQMP 2 , 
which comprises integral membrane subunits, HisQ and HisM, and 
two copies of HisP, the ATP-binding subunit. HisP, which has 
properties intermediate between those of integral and peripheral 
membrane proteins', is accessible from both sides of the membrane, 
presumably by its interaction with HisQ and HisM'. The two HisP 
subunits form a dimer, as shown by their cooperativity in ATP 
hydrolysis 5 , the requirement for both subunits to be present for 
activity", and the formation of a HisP dimer upon chemical cross- 
linking. Soluble HisP also forms a dimer 5 . HisP has been purified 
and characterized in an active soluble form 3 which can be recon- 
stituted into a fully active membrane-bound complex*. 

The overall shape of the crystal structure of the HisP monomer is 
that of an 'L' with two thick arms (arm I and arm II); the ATP- 
binding pocket is near the end of arm I (Fig. 1). A six-stranded B- . 
sheet (33 and P8.-B 12) spans both arms of the L, with a domain of a 
a- plus B-type structure (B1.-B2, B4-B7, al and ct2) on one side 
(within arm I) and a domain of mostly ot-helices (a3-a9) on the 




Rgure 1 - Crystal structure of HisP. a, View of the dimer along an axis 
perpendicular to its two-fold axis. The top and bottom of the dimer are suggested 
to face towards the periplasmic and cytoplasmic sides, respectively (see text). 
The thickness of arm II is about 25 A. comparable to that of membrane. a-Helices 
are shown in orange and p-sheets in green, b. View along the two-fold axis of the 
HisP dimer, showing the relative displacement of the monomers not apparent in 
a. The p-strands at the dimer interface are labelled, c, View of one monomer from 
the bottom of arm I, as shown in a. towards arm II, showing the ATP-binding 
pocket, a-c. The protein and the bound ATP are in 'ribbon - and.'ball-and-stick' 
representations, respectively. Key residues discussed in the text are indicated in 
c. These figures were prepared with MOLSCRIPT?. N, amino terminus; C, C 
terminus. 
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Gene amplification is a common event in the progression of 
human cancers, and amplified oncogenes have been shown to 
have diagnostic, prognostic and therapeutic . relevance. A 
kinetic quantitative polymerase-chain-reaction (PCR) method, 
based on fluorescent TaqMan methodology and a new instru- 
ment (ABI Prism 7700 Sequence Detection System) capable 
of measuring fluorescence in real-time, was used to quantify 
gene amplification in tumor DNA. Reactions are character- 
ized by the point during cycling when PCR amplification is still 
in the exponential phase, rather than the amount of PCR 
product accumulated after a fixed number of cycles. None of 
the reaction components is limited during the exponential 
phase, meaning that values are highly reproducible in reac- 
tions starting with the same copy number. This greatly 
improves the precision of DNA quantification. Moreover, 
real-time PCR does not require post-PCR sample handling, 
thereby preventing potential PCR-product carry-over con- 
tamination; it possesses a wide dynamic range of quantifica- 
tion and results in much faster and higher sample throughput. 
The real-time PCR method, was used to develop and validate 
a simple and rapid assay for the detection and quantification 
of the 3 most frequently amplified genes (myc, ccndl and 
erbBZ) in breast tumors. Extra copies of myc, ccndl and erbB2 
were observed in TO, 23 and 15%, respectively, of 108 breast- 
tumor DNA; the largest observed numbers of gene copies 
were 4.6, 18.6 and 15.1, respectively. These results correlated 
well with those of Southern blotting. The use of this new 
semi-automated technique will make molecular analysis of 
human cancers simpler and more reliable, and should find 
broad applications in clinical and research settings. Int. 1. 
Cancer 78:661-666, 1 998. 
© 1998 miey-Liss. Inc. 

Gene amplification plays an important role in the pathogenesis 
of various solid tumors, including breast cancer, probably because 
over-expression of the amplified target genes confers a selective 
advantage. The first technique used to detect genomic amplification 
was cytogenetic analysis. Amplification of several chromosome 
regions, visualized either as extrachromosomal double minutes 
(dmins) or as integrated homogeneously staining regions (HSRs), 
are among the main visible cytogenetic abnormalities in breast 
tumors. Other techniques such as comparative genomic hybridiza- 
tion (CGH) (Kallioniemi el ai. 1 994) have also been used in broad 
searches for regions of increased DNA copy numbers in tumor 

. cells, and have revealed some 20 amplified chromosome regions in 
breast tumors. Positional cloning efforts are underway to identify 
the critical gene(s) in each amplified region. To date, genes known 

. to be amplified frequently in breast cancers include myc (8q24), 
ccnd\ ( 1 lq 1 3), and erbh2 ( 1 7q 1 2-q2 1 ) (for review, see Bieche and 
Lidereau, 1995). 

Amplification of the myc, ccndl, and erbB2 proto-oncogenes 
should have clinical relevance in breast cancer, since independent 
studies have shown that these alterations can be used to identify 
sub-populations with a worse prognosis (Bems et ai, 1992; 
Schuuring et al., 1992; Slamon et al. 1987). Muss et al. (1994) 
suggested that these gene alterations may also be usefui for the 
prediction and assessment of the efficacy of adjuvant chemotherapy 
and hormone therapy. 

However, published results diverge both in terms of the fre- 
quency of these alterations and their clinical value. For instance, 
over 500 studies in 10 years have failed to resolve the controversy 



surrounding the link suggested by Slamon et a/.'(1987) between 
erbB2 amplification and disease progression. These discrepancies 
are partly due to the clinical, histological and ethnic heterogeneity 
of breast cancer, but technical considerations are also probably 
involved. 

Specific genes (DNA) were initially quantified in tumor cells by 
means of blotting procedures such as Southern and slot blotting. 
These batch techniques require large amounts of DNA (5-10 
ug/reaction) to yield reliable quantitative results. Furthermore, 
meticulous care is required at all stages of the procedures to 
generate blots of sufficient quality for reliable dosage analysis. 
Recently, PCR has proven to be a powerful tool for quantitative 
DNA analysis, especially with minimal starting quantities of tumor 
samples (small, early-stage tumors and formalin-fixed, paraffin- 
embedded tissues). 

Quantitative PCR can be performed by evaluating the amount of 
product either after a given number of cycles (end-point quantita- 
tive PCR) or after a varying number of cycles during the 
exponential phase (kinetic quantitative PCR). In the first case, an 
internal standard distinct from the target molecule is required to 
ascertain PCR efficiency. The method is relatively easy but implies 
generating, quantifying and storing an internal standard for each 
gene studied. Nevertheless, it is the most frequently applied 
method to date. 

One of the major advantages of the kinetic method is its rapidity 
in quantifying a new gene, since no internal standard is required (an 
external standard cuw.e-is sufficient). Moreover, the kinetic method 
has a wide dynamic range (at least 5 orders of magnitude), giving 
an accurate value for samples differing in their copy number. . 
Unfortunately, the method is cumbersome . and has therefore been 
rarely used. It involves aliquot sampling of each assay mix at 
regular intervals and quantifying, for each aliquot, the amplifica- 
tion product. Interest in the kinetic method has been stimulated by a 
. novel approach using fluorescent TaqMan methodology and a new 
instrument (ABI Prism 7700 Sequence Detection System) capable 
of measuring fluorescence in real time (Gibson et al., 1 996; Heid et 
al.. 1996). The TaqMan reaction is based on the 5' nuclease assay 
first described by Holland et al. (1991). The latter uses the 5' 
nuclease activity of Taq polymerase to cleave a specific fluorogenic 
oligonucleotide probe during the extension phase of PGR. The 
approach uses dual-labeled fluorogenic hybridization probes (Lee 
el al., 1993). One fluorescent dye, co-valently linked to the 5' end 
of the oligonucleotide, serves as a reporter [FAM (i.e., 6-carboxy- 
fluorescein)] and its emission spectrum is quenched by a second 
fluorescent dye, TAMRA (i.e., 6-carboxy-tetramethyl-rhodamine) 
attached to the 3' end. During the extension phase of the PCR 
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cycle, the fluorescent hybridization probe is hydrolyzed by the 
5'-3' nucleolytic activity of DNA polymerase. Nuclease degrada- 
tion of the probe releases the quenching of FAM fluorescence 
emission, resulting in an increase in peak fluorescence emission. 
The fluorescence signal is normalized by dividing the emission 
intensity of the reporter dye (FAM) by the emission intensity of a 
reference dye {i.e., ROX, 6-carboxy-X-rhodamine) included in 
TaqMan buffer, to obtain a ratio defined as the Kn (normalized 
reporter) for a given reaction tube. The use of a sequence detector 
enables the fluorescence spectra of all 96 wells of the thermal 
cycler to be measured continuously during PCR amplification. 

The real-time PCR method offers several advantages over other 
current quantitative PCR methods (Celi et ai. 1994): fi) the 
probe-based homogeneous assay provides a real-time method for 
detecting only specific amplification products, since specific'hybri- 
dation of both the primers and the probe is necessary to generate a 
signal; fii) the C, (threshold cycle) value used for quantification is 
measured when PCR amplification is still in the log phase of PCR 
product accumulation. This is the main reason why C, is a more 
reliable measure of the starting copy number than are end-point 
. measurements, in which a slight difference in a limiting component 
can have a drastic effect on the amount of product; (Hi) use of C, 
values gives a wider dynamic range (at least 5 orders of magni- 
tude), reducing the need for serial dilution; (iv) The real-time PCR 
method is run in a closed-tube system and requires no post-PCR 
sample handling, thus avoiding potential contamination; (v) the 
system is highly automated, since the instrument continuously 
measures fluorescence in all 96 wells of the thermal cycler during 
PCR amplification and the corresponding software processes, and 
analyzes the fluorescence data; (vi) the assay is rapid, as results are 
available just one minute after thermal cycling is complete; (vii) the 
sample throughput of the method is high, since 96 reactions can be 
analyzed in 2 hr. 

Here, we applied this semi-automated procedure to determine 
the copy numbers of the 3 most frequently amplified genes in breast 
tumors (myc, ccndl and erbBl), as well as 2 genes {alb and app) 
located in a chromosome region in which no genetic changes have 
been observed in breast tumors. The results for 1 08 breast tumors 
were compared with previous Southern-blot data for the same 
samples. 

MATERIAL AND METHODS 
Tumor and blood samples 

Samples were obtained from 1 08 primary breast tumors removed 
surgically from patients at the Centre Rene Huguenin; none of the 
patients had undergone radiotherapy or chemotherapy. Immedi- 
ately after surgery, the tumor samples were placed in liquid 
nitrogen until extraction of high-molecular-weight DNA. Patients 
were included in this study if the tumor sample used for DNA 
preparation contained more than 60% of tumor cells (histological 
analysis). A blood sample was also taken from 18 of the same 
patients. 

DNA was extracted from tumor tissue and blood, leukocytes 
according to standard methods. 

Real-time PCR 

Theoretical basis. - Reactions are characterized by the point 
during cycling when amplification of the PCR product is first 
detected, rather than by the amount of PCR product accumulated 
after a fixed number of cycles. The higher the starting copy number 
of the genomic DNA target, the earlier a significant increase in 
fluorescence is observed. The parameter C, (threshold cycle) is 
defined as the fractional cycle number at which the fluorescence 
generated by cleavage of the probe passes a fixed threshold above 
baseline. The target gene copy number in unknown samples is 
quantified by measuring C, and by using a standard curve to 
determine the starting copy number. The precise amount of 
genomic DNA (based on optical density) and its quality (i'.e., lack 



of extensive degradation) are both difficult to assess. We therefore 
also quantified a control gene (alb) mapping to chromosome region 
4qll-ql3. in which no genetic alterations have been found in 
breast-tumor DNA by means of CGH (Kallioniemi et ai. 1 994). 

Thus, the ratio of the copy number of the target gene to the copy 
number of the alb gene normalizes the amount and quality of 
genomic DNA. The rau'o defining the level of amplification is 
termed "N", and is determined as follows: 

• copy number of target gene {app. myc. ccndl. erbBl) 

N = ■■ . 

copy number of reference gene {alb) 

Primers, probes, reference human genomic DNA and PCR 
consumables. Primers and probes were chosen with the assistance 
of the computer programs Oligo 4.0 (National Biosciences, Ply- 
mouth, MN), EuGene (Daniben Systems, Cincinnati, OH) and Primer 
Express (Perkin-Elmer Applied Biosystems, Foster City, CA). 

Primers were purchased from DNAgency (Malvern, PA) and 
probes from Perkin-Elmer Applied Biosystems. 

Nucleotide sequences for the oligonucleotide hybridization 
probes and primers are available on request. 

The TaqMan PCR Core reagent kit, MicroAmp optical tubes, 
and MicroAmp caps were from Perkin-Elmer Applied Biosystems. 

Standard-curve construction. The kinetic method requires a 
standard curve. The latter was constructed with serial dilutions of 
specific PCR products, according to Piatak et al. (1993). In 
practice, each specific PCR product was obtained by amplifying 20 
rig of a standard human genomic DNA (Boehringer, Mannheim, 
Germany) with the same primer pairs as those used later for 
real-time quantitative PCR. The 5 PCR products were purified 
using MicroSpin S-400 HR columns (Pharmacia, Uppsala, Swe- 
den) electrophorezed through an acrylamide gel and stained with 
ethidium bromide to check their quality. The PCR products were 
then quantified spectrophotometrically and pooled,, and serially, 
diluted 1 0-fold in mouse genomic DNA (Clontech, Palo Alto, CA) 
at a constant concentration of 2 ng/pl The standard curve used for 
real-time quantitative PCR was based on serial dilutions of the pool 
of PCR products ranging from 10"' (10 s copies of each gene) to 
10" 10 (10 2 copies). This series of diluted PCR products was 
aliquoted and stored at -80°C until use. 

The standard curve was validated by analyzing 2 known 
quantities of calibrator human genomic DNA (20 ng and 50 ng). 

PCR amplification. Amplification mixes (50 |xl) contained the 
sample DNA (around 20 ng, around 6600 copies of disomic genes), 
10X TaqMan buffer (5 ul), 200 uM dATP, dCTP, dGTP, and 400 
uM dUTP, 5 mM MgCl 2 , 1 -25 units of AmpliTaq Gold, 0.5 units of 
AmpErase uracil N-glycosylase (UNG), 200 nM each primer and 
100 nM probe. The thermal cycling conditions comprised 2 min at 
50°C and 1 0 min at 95°C. Thermal cycling consisted of 40 cycles at 
95°C for 15 s and 65°C for 1 min. Each assay included: a standard 
curve (from 10 5 to 10 2 copies) in duplicate, a no-template control, 
20 ng and 50 ng of calibrator human genomic DNA (Boehringer) in 
triplicate, and about 20 ng of unknown genomic DNA in triplicate 
(26 samples can thus be analyzed on a 96-well microplate). All 
samples with a coefficient of variation (CV) higher than 10% were 
retested. 

All reactions were performed in the ABI Prism 7700 Sequence 
Detection System (Perkin-Elmer Applied Biosystems), which 
detects the signal from the fluorogenic probe during PCR. 

Equipment for real-time detection. The 7700 system has a 
built-in thermal cycler and a laser directed via fiber optical cables 
to each of the 96 sample wells. A charge-coupled-device (CDD) 
camera collects the emission from each sample and the data are 
analyzed automatically. The software accompanying the 7700 
system calculates C, and determines the starting copy number in the 
samples. 
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Determination of gene amplification. Gene amplification was 
calculated as described above. Only samples with an N value 
higher than 2 were considered to be amplified. 

RESULTS 

To validate the method, real-time PCR was performed on 
genomic DNA extracted from 108 primary breast tumors, and 18 
normal leukocyte DNA samples from some of the same patients. 
The target genes were the myc, ccndl and erbB2 proto-oncogenes, 
and the (J-amyloid precursor protein gene {app), which maps to a 
chromosome region (21q21.2) in which no genetic alterations have 
been found in breast tumors (Kallioniemi et at., 1994). The 
reference disomic gene was the albumin gene (alb. chromosome 
4qll-ql3). 
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Validation of the standard curve and dynamic range 
of real-time PCR 

The standard curve was constructed from PCR products serially 
diluted in genomic mouse DNA at a constant concentration of 
2 ng/ul. It should be noted that the 5 primer pairs chosen to analyze 
the 5 target genes do not amplify genomic mouse DNA (data not 
shown). Figure 1 shows the real-time PCR standard curve for the 
alb gene. The dynamic range was wide (at least 4 orders of 
magnitude), with samples containing as few as I0 J copies or as 
many as 10 5 copies. 

Copy-number ratio of the 2 reference genes (app and alb; 

The app to alb copy-number ratio was determined in 18 normal 
leukocyte DNA samples and all 108 primary breast-tumor DNA 
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samples. We selected these 2 genes because they are located in 2 
chromosome regions (app. 21q21.2; alb. 4qll-ql3) in which no 
obvious genetic changes (including gains or losses) have been 
observed in breast cancers (Kallioniemi et al., 1994). The ratio for 
the 18 normal leukocyte DNA samples fell between 0.7 and 1.3 
(mean 1.02 ± 0.21), and was similar for the 108 primary" breast- 
tumor DNA samples (0.6 to 1.6, mean 1.06 ± 0.25), confirming 
that alb and app are appropriate reference disomic genes for 
breast-tumor DNA. The low range of the ratios also confirmed that 
the nucleotide sequences chosen for the primers and probes were 
not polymorphic, as mismatches of their primers or probes with the 
subject's DNA would have resulted in differential amplification. 

myc, ccnd 1 and etbB2 gene dose in normal leukocyte DNA 

To determine the cut-off point for gene amplification in breast- 
cancer tissue, 18 normal leukocyte DNA samples were tested for 
the gene dose (N), calculated as described in "Material and 
Methods". The N value of these samples ranged from 0.5 to 1.3 
(mean 0.84 ± 0.22) for myc, 0.7 to 1.6 (mean 1.06 ± 0.23) for 
ccndl and 0.6 to 1.3 (mean 0.91 ±0.19) for erbBl. Since N values 
for myc, ccndl and erbBl in normal leukocyte DNA consistently 
fell between 0.5 and 1.6, values of 2 or more were considered to 
represent gene amplification in tumor DNA. 

myc, ccnd 1 and erbS2 gene dose in breast-tumor DNA 

myc, ccndl and erbBl gene copy numbers in the 108 primary 
breast tumors are reported in Table I. Extra copies of ccndl were 
more frequent (23%, 25/108) than extra copies of erb&l (15%, 
16/108) and myc (10%, 11/108), and ranged from 2 to 18.6 for 
ccndl, 1 to 15.1 for erbBl, and only 2 to 4.6 for the myc gene. 
Figure 2 and Table II represent tumors in which the ccndl gene was 
amplified 16-fold (T145), 6-fold (T133) and non-amplified (T118). 
The 3 genes were never found to be co-amplified in the same tumor. 
erbBl and ccndl were co-amplified in only 3 cases, myc and ccndl 
in 2 cases and myc and erbBl in I case. This favors the hypothesis 
that gene amplifications are independent events in breast cancer. 
Interestingly, 5 tumors showed a decrease of at least 50% in the 
erbBl copy number (N < 0.5), suggesting that they bore deletions 
of the 17q21 region (the site of erbBl). No such decrease in copy 
number was observed with the other 2 proto-oncogenes. 

. Comparison of gene dose determined by real-time quantitative 
PCR and Southern-blot analysis 

Southern-blot analysis of myc, ccndl and erbBl amplifications 
had previously been done on the same 108 primary breast tumors. A 
perfect correlation between the results of real-time PCR and 
Southern blot was obtained for tumors with high copy numbers 
(N S 5). However, there were cases (1 myc, 6 ccndl and 4 erbBl) 
in which real-time PCR showed gene amplification whereas 
Southem-blot did not, but these were mainly cases with low extra 
copy numbers (N from 2 to 2.9). 

DISCUSSION 

The clinical applications of gene amplification assays are 
currently limited, but would certainly increase if a simple, standard- 
ized and rapid method were perfected. Gene amplification status 
has been studied mainly by means of Southern blotting, but this 
method is not sensitive enough to detect low-level gene amplifica- 
tion nor accurate enough to quantify the full range of amplification 
values. Southern blotting is also time-consuming, uses radioactive 



TABLE I - DISTRIBUTION OF AMPLIFICATION LEVEL (N) FOR myc. 
ccndl AND crbSl GENES IN 108 HUMAN BREAST TUMORS 



. Gene 




Amplification level (N) 




<0.5 


0.5-1.9 2-».9 


2:5 


myc 
ccndl 
erbBl . 


0 

0 

5 (4.6%) 


97(89.8%) 11(10.2%) 
83(76.9%) 17(15.7%) 
87 (80.6%) 8 (7.4%) 


0 

8(7.4%) 
8 (7.4%) 



reagents and requires relatively large amounts of high-quality 
genomic DNA, which means it cannot be used routinely in many 
laboratories. An amplification step is therefore required to deter- 
mine the copy number of a given target gene from minimal 
quantities of tumor DNA (small early-stage tumors, cytopuncture 
specimens or formalin-fixed, paraffin-embedded tissues). 

In this study, we validated a PCR method developed for the 
quantification of gene over-representation in tumors. The method, 
based on real-time analysis of PCR amplification, has several 
advantages over other PCR-based quantitative assays such as 
competitive quantitative PCR(Celi el al.. 1994). First, the real-time 
PCR method is performed in a closed-tube system, avoiding the 
risk of contamination by amplified products. Re-amplification of 
carryover PCR products in subsequent experiments can also be 
prevented by using the enzyme uracil N-glycosylase (UNG) 
(Longo el al., 1990). The second advantage is the simplicity and 
rapidity of sample analysis, since no posl-PCR manipulations are 
required. Our results show that the automated method is reliable. 
We found it possible to determine, in triplicate, the number of 
copies of a target gene in more than 100 rumors per day. Third, the 
system has a linear dynamic range of at least 4 orders of magnitude, 
meaning that samples do not have to contain equal starting amounts 
of DNA. This technique should therefore be suitable for analyzing 
formalin-fixed, paraffin-embedded tissues. Fourth, and above all, 
real-time PCR makes DNA quantification much more precise and 
reproducible, since it is based on C, values rather than end-point 
measurement of the amount of accumulated PCR product. Indeed, 
the ABTPrism 7700 Sequence Detection System enables C, to be 
calculated when PCR amplification is still in the exponential phase 
and when none of the reaction components is rate-limiting. The 
within-run CV of the C, value for calibrator human DNA (5 
replicates) was always below 5%, and the between-assay precision 
in 5 different runs was always beiow 10% (data not shown). In 
addition, the use of a standard curve is not absolutely necessary, 
since the copy number can be determined simply by comparing the 
Q ratio of the target gene with that of reference genes. The results 
obtained by the 2 methods (with and without a standard curve) are 
similar in our experiments (data not shown). Moreover, unlike 
competitive quantitative PCR, real-time PCR does not require an 
internal control (the design and storage of internal controls and the 
validation of their amplification efficiency is laborious). 

The only potential disavantage of real-time PCR, like all other 
PCR-based methods and solid-matrix blotting techniques (South- 
ern blots and dot blots) is that is cannot avoid dilution artifacts 
inherent in the extraction of DNA from tumor cells contained in 
heterogeneous tissue specimens. Only FISH and immunohistbchem- 
istry can measure alterations on a cell-by-cell basis (Pauletti et al., 
1996; Slamon el al.. 1989). However^ FISH requires expensive 
equipment and trained personnel and is also time-consuming. 
Moreover, FISH does not assess gene expression and therefore 
cannot detect cases in which the gene product is over-expressed in 
the absence of gene amplification, which will be possible in the 
future by real-time quantitative RT-PCR. Immunohistochemistry is 
subject to considerable variations in the hands of different teams, 
owing to alterations of target proteins during the procedure, the 
different primary antibodies and fixation methods used and the 
criteria used to define positive staining. 

The results of this study are in agreement with those reported in . 
the literature. (0 Chromosome regions 4qll-ql3 and 21q21.2 
(which bear alb and app, respectively) showed no genetic alter- 
ations in the breast-cancer samples studied here, in keeping with 
the results of CGH (Kallioniemi et al, 1 994). (if) We found that 
amplifications of these 3. oncogenes were independent events, as 
reported by other teams (Bems et al.. 1992; Borg e/ a/., 1992). (ii'O 
The frequency and degTee of myc amplification in our breast tumor 
DNA series were lower than those of ccndl and erbBl amplifica- . 
tion, confirming the findings of Borg er al. ( 1 992) and Courjal.e/ al. 
(1997). (iv) The maxima of ccndl and erbBl over-representation 
were 1 8-fold and 1 5-fold, also in keeping with earlier results (about 
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Ficure 2 - ccndl and alb gene dosage by real-time PCR in 3 breast tumor samples: TU 8 (E 1 2, C6, black squares), Tl 33 (G 1 1 . B4, red squares) 
and T145 (A8, C8, blue squares). Given the C, of each sample, the initial copy number is inferred from the standard curve obtained during the same 
expenmenL Triplicate plots were performed for each tumor sample, but the data for only one are shown here. The results are shown in Table II. 



30-fold maximum) (Bems etai, 1992; Borg era/., 1992; Courjal el el al,; 1996). Our results also correlate well with those recently 

al. 1997). (y) The erbBl copy numbers obtained with real-time published by Gelmini el al (1997), who used the TaqMan system to 

PCR were in good agreement with data obtained with other measure erbB2 amplification in a small series of breast tumors 

quantitative PCR-based assays in terms of the frequency and (n = 25), but with an instrument (LS-50B luminescence spectrom- 

degree of amplification (An el al, 1995; Deng etai. 1996; Valeron eter, Perkin-Elmer Applied Biosystems) which only allows end- 
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TABLE II - EXAMPLES OF ccndl GENE DOSAGE RESULTS 
FROM J BREAST TUMORS' 



Tumor 




ccndl 






alb 




Uccndl/alb 


Copy 
number 


Mean 


SD 


Copy 
number 


Mean 


SD 


T118 


4525 






4223 










4605 


4603 


77 


4365 


4325 


89 


1.06 




4678 






4387 








T133 


59821 






9787 










61659 


61100 


1111 


10092 


10137 


375 


6.03 




61821 






10533 








T145 


128563 






7321 










125892 


125392 


3448 


7762 


7672 


316 


16.34 




121722 






7933 









1 For each sample, 3 replicate experiments were performed and the mean 
and the standard deviation (SD) was determined. The level of ccndl gene 
amplification (Hccndl/alb) is determined by dividing the average ccndl 
copy namber value by the average alb copy number value. 



point measurement of fluorescence intensity. Here we report myc 
and ccndl gene dosage in breast cancer by means of quantitative 
PCR. (vi) We found a high degree of concordance between 
real-time quantitative PCR and Southern blot analysis in terms of 
gene amplification, especially for samples with high copy numbers 
(a5-fold). The slightly higher frequency of gene amplification 
(especially ccndl and erbQ2) observed by means of real-time 
quantitative PCR as compared with Southem-blot analysis may be 
explained by the higher sensitivity of the former method. However, 
we cannot rule out the possibility that some tumors with a few extra 



gene copies observed in real-time PCR had additional copies of an 
arm or a whole chromosome (trisomy, tetrasomy or polysomy) 
rather than true gene amplification. These 2 types of genetic 
alteration (polysomy and gene amplification) could be easily 
distinguished in the future by using an additional probe located on 
the same chromosome arm, but some distance from the target gene. 
It is noteworthy that high gene copy numbers have the greatest 
prognostic significance in breast carcinoma (Borg et al, 1992; 
Slamon ev a/., 1987). 

Finally, this technique can be applied to the detection of gene 
deletion as well as gene amplification'. Indeed, we found a 
decreased copy number of erbB2 (but not of the other 2 proto- 
oncogenes) in several tumors; erbB2 is located in a chromosome 
region (17q21) reported to contain both deletions and amplifica- 
tions in breast cancer (Bieche and Lidereau, 1995). 

In conclusion, gene amplification in various cancers can be used 
as a marker of pre-neoplasia, also for early diagnosis of cancer, 
staging, prognostication and choice of treatment. Southern blotting 
is not sufficiently sensitive, and FISH is lengthy and complex. 
Real-time quantitative PCR overcomes both these limitations, and 
is a sensitive and accurate method of analyzing large numbers of 
samples in a short time. It should find a place in routine clinical 
gene dosage. 
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Editorial: 

Editorial Board Member: Current Biology 
. Associate Editor, Clinical Cancer Research. 
Associate Editor, Cancer Biology and Therapy. 

Refereed papers: 

1. Gertler, A., Ashkenazi, A., and Madar, Z. Binding sites for human growth 
hormone and ovine and bovine prolactins in the mammary gland and liver of the 
lactating cow. Mol. Cell. Endocrinol. 34, 51-57 (1984). 

2. Gertler, A., Shamay, A., Cohen, N., Ashkenazi. A. Friesen, H., Levanon, A., 
Gorecki, M., Aviv, H., Hadari, D., and Vogel, T. Inhibition of lactogenic 
activities of ovine prolactin and human growth hormone (hGH) by a novel form of 
a modified recombinant hGH. Endocrinology 118, 720-726 (1986). 

3. Ashkenazi. A.. Madar, Z., arid Gertler, A Partial purification and characterization 
of bovine mammary gland prolactin receptor. Mol. Cell. Endocrinol. 50, 79-87 
(1987). 

Ashkenazi. A.. Pines, M., and Gertler, A. Down-regulation of lactogenic 
hormone receptors in Nb2 lymphoma cells by cholera toxin. Biochemistry 
Internatl 14, 1065-1072(1987). 

Ashkenazi, A.. Cohen, R., arid Gertler, A. Characterization of lactogen receptors 
in lactogenic hormone-dependent and independent Nb2 lymphoma cell lines. 
pEBSLett. 210, 51-55 (1987). 

Ashkenazi. A. Vogel, T., Barash, I., Hadari, D., Levanon, A., Gorecki, M., and 
Gertler, A. Comparative study on in vitro and in vivo modulation of lactogenic 
and somatotropic receptors by native human growth liorrriorie and its rriodified 
recombinant analog. Endocrinology 121, 414-419 (1987) 
Peralta, £., Winslow, J., Peterson, G, Smith, D., Ashkenazi. A.. Ramachandran, 
J., Schimerlik, M., and Capon, D. Primary structure and biochemical properties 
of an M2 muscarinic receptor. Science 236, 600-605 (1987). 
Peralta, E. Ashkenazi. A.. Winslow, J., Smith, D., Ramachandran, J., and Capon, 
D. J. Distincnt primary structures, ligand-binding properties and tissue-specific 
expression of four human muscarinic acetylcholine receptors. EMBO J. 6, 3923- 
3929(1987). 

Ashkenazi. A.. Winslow, J., Peralta, E., Peterson, G, Schimerlik, M., Capon, D., 
and Ramachandran, J. An M2 muscarinic receptor subtype coupled to both 
adenylyl cyclase and phosphoinositide turnover. Science 238, 672-675 (.19.87), 
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10. Pines, M., Ashkenazi. A.. Cohen-Chapnik, N., Binder, L., and Gertler. A. 
Inhibition of the proliferation of Nb2 lymphoma cells by femtomolar 
concentrations of cholera toxin and partial reversal of the effect by 1 2-o- 
tetradecanoyl-phorbol-13-acetate.y. Cell. Biochem. 37, 119-129(1988). 

11. Peralta, E. Ashkenazi. A.. Wirislow, J. Ramachandran. J., and Capon. D. 
Differential regulation of PI hydrolysis and adenylyl cyclase by muscarinic 
receptor subtypes. Nature 334, 434-437 (1988). 

12. Ashkenazi.. A. Peralta, E., Winslow, J., Ramachandran, J., and Capon, D. 
Functionally distinct G proteins couple different receptors to PI hydrolysis in the 
same cell. Cell 56, 487-493 (1989). 

13. Ashkenazi, A.. Ramachandran, J., and Capon, D. Acetylcholine analogue 
stimulates DNA synthesis in brain-derived cells via specific muscarinic 
acetylcholine receptor subtypes. Nature 340, 146-150 (1989). 

14. Lammare, D., Ashkenazi. A.. Fleury, S., Smith, D., Sekaly, R., and Capon, D. 
The MHC-bmding and gpl 20-binding domains of CD4 are distinct and separable. 
Science 245, 743-745 (1989). 

15. Ashkenazi., A., Presta, L., Marsters, S., Camerato, T., Rosenthal, K., Fendly, B:, 
and Capon, D. Mapping the CD4 binding site for human immunodefficiency 

. virus type 1 by danine-scanning mutagenesis. Proc. Natl. Acad. Sci. USA. 87, 
7150-7154(1990). 

16. Chamow, S., Peers, D., Byrn, R., Mulkerrin, M., Harris, R., Wang, W., Bjorkman, 
P.. Capon, P., and Ashkenazi, A. Enzymatic cleavage of a CD4 immunoadhesin 
generates crystallizable, biologically active Fd-like fragments. Biochemistry 29, 
9885-9891 (1990). 

17. Ashkenazi. A., Smith, D., Marsters, S., Riddle, L., Gregory, T., Ho, D., and 
Capon, D. Resistance of primary isolates of human immunodefficiency virus type 
1 to soluble CD4 is independent of CD4-rgpl20 binding affinity. Proc. Natl. 
Acad. Sci. USA. 88, 7056-7060 (1991). 

1 8. Ashkenazi. A.. Marsters. S., Capon, D., Chamow, S., Figari., I., Pennica, D., 
Goeddel., D., Palladino, M., and Smith, D. Protection against endotoxic shock by 
a tumor necrosis factor receptor immunoadhesin. Proc. Natl. Acad. Sci. USA. 88, 
10535-10539(1991). 

19. Moore, J., McKeating, J„ Huang, Y., Ashkenazi; A ., and Ho. D. Virions of 
primary HTV-1 isolates resistant to sCD4 neutralization differ in sCD4 affinity and 
glycoprotein gpl 20 retention from sCD4-sensitive isolates. J. Virol 66, 235-243 
(1992). 
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20. Jin, H., Oksenberg, D., Ashkenazi. A- Peroutka, S., Duncan, A., Rozmahel., R., 
Yang, Y., Mengod, G, Palacios, J., and OT)owd, B. Characterization of the 
human 5-hydroxytryptainineiB receptor. J. Biol. Chem. 267, 5735-5738 (1992). 

21. Marsters, A., Frutkin, A., Simpson, N;, Fendly, B. and Ashkenazi, A. 
Identification of cysteirie-rich domains of the type 1 tumor necrosis receptor 

. - involved in ligand binding. J. Biol. Chem. 267, 5747-5750 (1992). 

22. Chamow, S., Kogan, T., Peers, D., Hastings, R., Bym, R., and Ashkenazi. A. 
Conjugation of sCD4 without loss of biological activity via a novel carbohydrate- 
directed cross-linking reagent. J. Biol. Chem. 267, 15916-15922 (1992). 

23. Oksenberg, D., Marsters, A., ODowd, B., Jin, H., Havlik, S., Peroutka, S., and 
Ashkenazi, A. A single amino-acid difference confers major pharmacologic 
variation between human and rodent 5-HTib receptors. Nature 360, 161-163 

(1992) . 

24. Haak-Frendscho, M., Marsters, S., Chamow, S., Peers, D., Simpson, N., and 
Ashkenazi. A. Inhibition of interferon y by an- interferon y receptor 
immunoadhesin. Immunology 79, 594-599 (1993). 

25. Penica, D., Lam, V., Weber, R., Kohr, W., Basa, L., Spellman, M., Ashkenazi. 
Shire, S., and Goeddel, D. Biochemical characterization of the extracellular 
domain of the 75-kd tumor necrosis factor receptor. Biochemistry 32, 3 13 1-3 138. 

(1993) . , .'• ' 

26. Barfod, L., Zheng, Y., Kuang, W., Hart, M., Evans; T., Cerione, R, and 
Ashkenazi. A. Cloning and expression of a human CDC42 GTPase Activating 
Protein reveals a functional SH3-binding domain. J. Biol. Chem. 268, 26059- 
26062 (1993). 

27. Chamow, S., Zhang, D., Tan, X., Mhtre, S., Marsters, S., Peers, D., Byrn, R., 
Ashkenazi, A., and Yunghans, R. A humanized bispecific immunoadhesin- 
antibody that retargets CD3+ effectors to kill HTV-l -infected cells! J. Immunol 
153,4268-4280(1994). 

28. Means, R., Krantz, S., Luna, J., Marsters, S., and Ashkenazi. A. Inhibition of 
murine erythroid colony formation in vitro ^y iterferon y and correction by 
interferon y receptor immunoadhesin. Blood 83, 91 1-91 5 (1994). 

29. Haak-Frendscho, M., Marsters, S., Mordenti, J., Gillet, N., Chen, S., 
an dAshkenazi. A. Inhibition ofTNF by a TNF receptor immunoadhesin: 
comparison with an anti-TNF mAb. J. Immunol. 152, 1347-1353 (1994). 
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30. Chamow, S., Kogan, T., Venuti, M., Gadek, T., Peers, D., Mordenti, J., Shak, S., 
and Ashkenazi, A. Modification of CD4 immunoadhesin with monomethoxy- 
PEG aldehyde via reductive alkilation. Bioconj. Chem. 5, 133-140 (1994). 

31. Jin, H., Yang, R., Marsters, S., Bunting, S., Wurm, F., Chamow, S., and 
Ashkenazi, A. Protection against rat endotoxic shock by p55 tumor necrosis factor 
(TNF) receptor immunoadhesin: comparison to anti-TNF monoclonal antibody. J. 
Infect. Diseases 170, 1323-1326 (1994). 

32. Beck, J., Marsters, S., Harris, R., Ashkenazi, A., and Chamow, S. Generation. of 
soluble interleukin-1 receptor from an immunoadhesin by specific cleavage. Mol. 
Immunol. 31, 1335-1344 (1994). 

33. Pitti, B., Marsters, M., Haak-Frendscho, M., Osaka* G., Mordenti, J., Chamow, S., 
and Ashkenazi, A. Molecular and biological properties of an interleukin- 1 
receptor immunoadhesin. Mol. Immunol. 31, 1345-1351 (1994). 

34. • Oksenberg, D., Havlik, S., Peroutka, S., and Ashkenazi. A. The third intracellular 

loop of the 5-HT2 receptor specifies effector coupling. J. Neurochem. 64, 1440- 
1447(1995). 

35. Bach, E , Szabo, S., Dighe, A., Ashkenazi, A.". Aguet,.M., Murphy, K., and 
Schreiber, R. Ligand-induced autoregulation of IFN-y receptor P chain expression 
in T helper cell subsets. Science 270, 1215-1218 (1995). 

36. Jin, H., Yang, R., Marsters, S., Ashkenazi, A., Bunting, S., Marra, M., Scott, R., 
and Baker, J. Protection against endotoxic shock by bactericidal/penneability- 
increasing protein in rats. J, Clin. Invest. 95, 1947-1952 (1995). 

/ 37. Marsters, S., Penica, D., Bach, E., Schreiber, R., and Ashkenazi, A. Interferon y 
signals via a high-affinity multisubunit receptor complex that contains two types 
of polypeptide chain. Proc. Natl. Acad. Sci. USA. 92, 5401-5405 (1995). 

38. Van Zee, K., Moldawer, L., Oldenburg, H., Thompson, W., Stackpole, S., 
Montegut, W., Rogy, M., Meschter, C, Gallati, H., Schiller, C, Richter, W., 
Loetcher, H„ Ashkenazi, A ,, Chamow, S., Wurm, F., Calvano, S., Lowry, S., and 
Lesslauer, W. Protection againstlethal E. coh bacteremia in baboons by 
pretreatmeht with a 55-kDa ^TNF receptor-Ig fusion protein, Ro45^2081.\Z 
Immunol. 156, 2221-2230 (1996). 

39. Pitti, R., Marsters, S., Ruppert, S., Donahue, C, Moore, A., and Ashkenazi, A . 
Induction of apoptosis by Apo-2 Ligand, a new member of the tumor necrosis 
factor cytokine family. J. Biol. Chem. 271, 12687-12690 (1996). 
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40. Marsters, S., Pitti, R., Donahue, C, Rupert, S., Bauer, K., and Ashkenazi, A . 
Activation of apoptosis by Apo-2 ligand is independent of F ADD but blocked by 
CrmA: Curr. Biol. 6, 1669-1676 (1996). 

41. Marsters, S., Skubatch, M., Gray, C, and Ashkenazi, A . Herpesvirus entry 
mediator, a novel member of the tumor necrosis factor receptor family, activates 
the NF-kB and AP- 1 transcription factors. /. Biol. Chem. 272, 14029-14032 
(1997). - 

42. Sheridan, J., Marsters, S., Pitti, R., Gumey, A., Skubatch, M., Baldwin, D., 
Ramakrishnan, L., Gray, C., Baker, K., Wood, W.I., Goddard, A., Godowski, P., and 

> Ashkenazi, A. Control of TRAEL-induced apoptosis by a family of signaling and 

decoy receptors. Science 277, 818-821 (1997). 

43. . Marsters, S., Sheridan, J., Pitti, R., Gumey, A., Skubatch, M., Balswin, D., Huang, A., 

Yuan, J., Goddard, A., Godowski, P., and Ashkenazi, A. A novel receptor for 
Apo2l/TRAIL contains a truncated death domain. Curr. Biol. 7, 1003-1006 (1997). 

44. Marsters, A., Sheridan, J., Pitti, R., Brush, J., Goddard, A., and Ashkenazi, A. 
Identification of a ligand for the death-domam-containing receptor Apo3 . Curr. Biol. 
8, 525-528 (1998). 

45. Rieger, J., Naumann, U:, Glaser, T., Ashkenazi, A ., and Weller, M. Apo2 ligand: 
a novel weapon ' against malignant glioma? FEBS Lett 427, 124-128 (1998). 

46. Pender, S., Fell, J., Chamow, S.. Ashkenazi. A ., and MacDonald. T. A p55 TNF 
receptor immunoadhesin prevents T cell mediated intestinal injury by inhibiting 
matrix metalloproteinase production. J. Immunol. 160, 4098-4103 (1998). 

47. Pitti, R., Marsters, S., Lawrence, D., Roy, Kischkel, F., M., Dowd, P., Huang, A., 
Donahue, C, Sherwood, S., Baldwin, D., Godowski, P., Wood, W., Gumey, A.^ 
Hillan, K., Cohen, R., Goddard, A., Botsteih, P., and Ashkenazi, A. Genomic 
amphfication of a decoy receptor for Fas ligand in ^ lung and colon cancer. Nature 
396,699-703(1998). 

48. Mori, S., Marakami-Mori, K., Nakamura, S., Ashkenazi, A ., and Bonavida, B. 
Sensitization of AIDS Kaposi's sarcoma cells to Apo-2 ligand-induced apoptosis 
by actinomycin D. J. Immunol. 162, 5616-5623 (1999). 

49. Gurney, A. Marsters, S., Huang, A., Pitti, R., Mark, M.,. Baldwin, D., Gray, A., 
Dowd, P., Brush, J., Heldens, S., Schow, P., Goddard, A., Wood, W., Baker, K., 
Godowski, P., and Ashkenazi. A.- Identification of a new member of the tumor 
necrosis factor family and its receptor, a human ortholog of mouse GITR. Curr. 
Biol. 9,215-218 (1999). 



6 



50. Ashkenazi, A ., Pai, R, Fong, s., Leung, S., Lawrence, D., Marsters, S., Blackie, 
C, Chang, L., McMurtrey, A., Hebert, A., DeForge, L., Khoumenis, I., Lewis, D., 
Harris, L., Bussiere, J., Koeppen, H., Shahrokh, Z., and SchwahVR. Safety and 
anti-tumor activity of recombinant soluble Apo2 ligand. J. Clin. Invest. 104, 155- 
162(1999). 

: 51. Chuntharapai, A., Gibbs, V., Lu, J., Ow, A., Marsters, S., Ashkenazi, A., De Vbs, 
A., Kim, K.J. Determination of residues involved in ligand binding and signal 
transmissiion in the human IFN^a receptor 2. J. Immunol. 163, 766-773 (1999). 

52. Johnsen, A.-C, Haux, J., Steinkjer, B., Nonstad, U., Egeberg, K., Sundan, A., 
Ashkenazi, A., and Espevik, T. Regulation of Apo2L/TRAIL expression in NK 
cells - involvement in NK cell-mediated cytotoxicity. Cytokine 11, 664-672 
(1999). 

53. . Roth, W., Isenmahn, S., Naumann, U., Kugler, S., Bahr, M., Dichgans, 

. Ashkenazi, A., and Weller, M. Eradication of intracranial human malignant 
glioma xenografts by Apo2L/TRAIL. Biochem. Biophys. Res. Commun. 265, 479- 
483 (1999). 

54. Hymowitz, S.G., Christinger, H.W, Fuh, G., Ultsch, M., O'Connell, M., Kelley, 
. RF., Ashkenazi, A. and de Vbs, A.M. Triggering Cell Death: The Crystal 

Structure of Apo2L/TRAIL in a Complex with Death Receptor 5. Molec. Cell 4, 
563-571 (1999). 

55. Hymowitz, S.G., O'Connel, M.P., Utsch, M.H M Hurst, A., Totpal, K., Ashkenazi. 
Ay de Vos, A.M., Kelley, R.F. A unique zinc-binding site revealed by a high- 
resolution X-ray structure of homotrimeric Apo2L/TRAIL. Biochemistry 39, 633- 
640 (2000). 

56. Zhou, Q., Fukushima, P., DeGraff, W., Mitchell, J:B., Stetler-Stevenson, M., 
AshkenazirA., and Steeg, P.S. Radiation and the Apo2L/TRAIL apoptotic 
pauiway preferentially inhibit the colonization of premahgnant human breast 
cancer cells overexpressmg cyclih D l. Cancer Res. 60, 2611-2615 (2000). 

57. Kischkel, F.C., Lawrence, D. A., Chuntharapai, A., Schow, P., Kim, J., and 
Ashkenazi, A. Apo2L/TRAIL-dependent recruitment of endogenous FADD and 
Caspase-8 to death receptors 4 and 5. Immunity 12, 611-620 (2000). 

58. Yan, M., Marsters, S.A., Grewal, I.S., Wang, H., * Ashkenazi, A., and *Dixit, 
V.M. Identification of a receptor for BlyS demonstrates a crucial role in humoral 
immunity. Nature Immunol. 1,37-41 (2000). 
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59. Marsters, S.A., Yan, M., Pitti, R.M., Haas, P.E., Dixit, V.M., and Ashkenazi. A. 
Interaction of the TNF homologues BLyS and APRIL with the TNF receptor 
homologues BCMA and TACI. Curr. Biol. 10, 785-788 (2000). 

60. Kischkel, F.C., and Ashkenazi, A . Combining enhanced metabolic labeling with 
. immunoblotting to detect interactions of endogenous cellular proteins. 

Biotechniques 29, 506-512 (2000). 

61. Lawrence, D., Shahrokh, Z., Marsters, S., Achilles, K., Shin, D. MounhO, B., 
Hillan, K., Totpal, K. DeForge, L., Schow, P., Hooley, J., Sherwood, S., Pai, R., 
Leung, S., Khan, L., Gliniak, B., Bussiere, J„ Smith, C, Strom, S., Kelley, S., 
Fox, J., Thomas, P., and Ashkenazi, A. Differential hepatocvte toxicity of 
recombinant Apo2L/TRATJL versions. Nature Med. 7, 383-385 (2001). 

62. , Chuntharapai, A., Dodge, K., Grimmer, K., Schroeder, K., Martsters, S.A., 

Koeppen, H-, Ashkenazi, A ., and Kim, K.J. Isotype-dependent inhibition of 
tumor growth in vivo by monoclonal antibodies to death receptor 4. J. Immunol. 
. 166, 4891-4898 (2001). 

63. Pollack, T.F., Erff, M., and Ashkenazi, A . Direct stimulation of apoptotic 
signaling by soluble Apo2L/tumor necrosis, factor-related apoptosis-inducing 
ligand leads to selective killing of glioma cells. Clin. Cancer Res. 7, 1362-1369 
(2001). 

64. Wang, H., Marsters, S.A., Baker, T., Chan, B., Lee, W.P., Fu, L., Tumas, D., Yan, 
M., Dixit, V.M., * Ashkenazi, A ., and *Grewal, I.S. TACI-ligand interactions are 
required for T cell activation and collagen-induced arthritis in mice. Nature 
Immunol. 2, 632-637 (2001). 

65. Kischkel, F.C., Lawrence, D. A., Tinel, A., Virmani, A., Schow, P., Gazdar, A., 
Blenis, J., Amott, D., and Ashkenazi, A . Death receptor recruitment of 
endogenous caspase- 10 and apoptosis initiation in ^ the absence of caspase-8. J. 
Biol. Chem. 276, 46639-46646 (2001). 

66. LeBlanc, H., Lawrence, D.A., Varfolomeev, E., Totpal, K., Morlan, J., Schow, P., 
Fong, S., Schwall, R., Sinicropi, P., and Ashkenazi. A T umor cell resistance to 
death receptor induced apoptosis through mutational inactivation of the 
proapoptotitc Bcl-2 homolog Bax. Nature Med. 8, 274-281 (2002). 

67. Miller, K., Meng, G., Liu, J., Hurst, A., Hsei, V., Wong, W-L., Ekert, R., 
Lawrence, P., Sherwood, S., PeForge, L, Gaudreault, Keller, G., Sliwkowski, 
M., Ashkenazi. A ., and Presta, L. Pesign, Construction, and analyses of 
multivalent antibodies. J. Immunol. 170, 4854-4861 (2003). 
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68. Varfolomeev, E., Kischkel, F., Martin, R, Wanh, H., Lawrence, D., Olsson, C, 
Tom, L., Erickson, S., French, D., Schow, P., Grewal, I. and Ashkenazi. A. 
Immune system development in APRIL knockout mice. Submitted. 

Review articles: 

1 • Ashkenazi. A.. Peralta, E., Winslow, J., Ramachandran, J., and Capon, D., J. 
Functional role of muscarinic acetylcholine receptor subtype diversity. Cold 
Spring Harbor Symposium on Quantitative Biology. T.TTT, 263-272 (1 988). 

2. Ashkenazi. A .. Peralta, E., Winslow, J., Ramachandran, J., and Capon, D. 
Functional diversity of muscarinic receptor subtypes in cellular signal 
transduction and growth. Trends Pharmacol Scu Dec Supplement, 12-21 (1989). 

3. Chamow, S., Duliege, A., Ammann, A., Kahn, J., Allen, D., Eichberg, J., Byrn, 
R., Capon, D., Ward, R., and Ashkenazi. A . CD4 irnmunoadhesins in anti-HIV 

; therapy: new developments. Int. J. Cancer Supplement 7, 69-72 (1-992). 

4. ' Ashkenazi. A .. Capon, and D. Ward, R. hnmunoadhesins. Int. Rev. Immunol 10, 

217-225 (1993). 

5. Ashkenazi. A., and Peralta, E. Muscarinic Receptors. In Handbook of Receptors 
and Channels. (S. Peroutka, ed.), CRC Press, Boca Raton, Vol. I, p. 1-27, (1994). 

6. Krantz, S. B., Means, R. T., Jr., Lina, J., Marsters, S. A., and Ashkenazi. A . 
Inhibition of erythroid colony formation in vitro by gamma interferon. In 
Molecular Biology of Hematopoiesis (N. Abraham, R. Shadduck, A. Levine F. 
Takaku, eds.) Intercept Ltd. Paris, Vol. 3, p. 135-147 (1994). 

7. Ashkenazi. A . Cytokine neutralization as a potential therapeutic approach for 
SIRS and shock. J. Biotechnology in Healthcare 1, 197-206 (1994). 

8. Ashkenazi. A .; and Chamow, S. M. Immunoadhesiris: an alternative to human 
monoclonal antibodies. Immunomethods: A companion to Methods in 
Enzimology 8, 104-115 (1995). 

9. Chamow, S., and Ashkenazi^ A . hnmunoadhesins: Principles and Applications. 
Trends Biotech. 14, 52-60 (1996). 

10: Ashkenazi. A ., and Chamow, S. M. hnmunoadhesins as research tools and 
therapeutic agents. Ciirr. Opin. Immunol 9, 195-200 (1997).' 

11. Ashkenazi, A., and Dixit, V. Death receptors: signaling and modulation. Science 
281,1305-1308(1998). 

12. Ashkenazi. A., and Dixit, V. Apophysis control hy <*™th d~-py receptors. 
Curr. Opin. Celt. Biol. 11,255-260 (1999). 



\ 

/ 

13. Ashkenazi, A . Chapters on Apo2L/TRAIL; DR4, DR5, DcRl, DcR2; and DcR3. 

Online Cytokine Handbook (www.apnet.com/cytokinereference/) . 
14: Ashkenazi A . Targeting death and decoy receptors of the tumor necrosis factor 
. superfamily. Nature Rev. Cancer 2, 420-430 (2002). 

15. LeBlahc, H. and Ashkenazi, A . Apoptosis signaling by Apo2L/TRAIL. Cell Death 
and Differentiation 10, 66-75 (2003). 

16. Almasan, A. and Ashkenazi, A . Apo2L/TRAIL: apoptosis signaling, biology, and 
potential for cancer therapy. Cytokine arid Growth Factor Reviews 14, 337-348 
(2003). 

Book: 

Antibody Fusion Proteins (Chamow, S:, and Ashkenazi, A ., eds., John Wiley and 
Sons Inc.) (1999). ! ~ 

Talks: 

1. Resistance of primary HTV isolates to CD4 is independent of CD4-gp 120 binding 
affinity. UCSD Symposium, HTV Disease: Pathogenesis and Therapy. 
Greenelefe, FL, March 1991. 

2. Use of imrnuno-hybrids to extend the half-life of receptors. DBC conference on 
Biopharmaceutical Halflife Extension. New Orleans, LA, June 1992. 

3. Results with TNF receptor Irnmunoadhesins for the Treatment of Sepsis. JJBC 
conference on Endotoxemia and Sepsis. Philadelphia, PA, June 1992. 

4. Irnmunoadhesins: an alternative to human antibodies. IBC conference on 
Antibody Engineering. San Diego, C A, December 1993. 

5. Tumor necrosis factor receptor: a potential therapeutic for human septic shock. 
American Society for Microbiology Meeting, Atlanta, GA, May 1993. 

6. Protective efficiacy of TNF receptor inomunoadhesin vs anti-TOF monoclonal 
antibody in a rat model for endotoxic shock. 5th International Congress on TNF. 
Asilomar, CA, May 1994. 

7. InterferonTy signals via a multisubunit receptor complex that contains two types of 
polypeptide chain. American Association of hnmunologists Conference. San 
Franciso, CA, July 1995. 

8. Irnmunoadhesins: Principles and Apphcations. Gordon Research Conference on 
Drug Delivery in Biology and Medicine. Ventura, CA, February 1996. 
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9. Apo-2 Ligand, a new member of the TNF family that induces apoptosis in tumor 
cells. Cambridge Symposium on TNF and Related Cytokines in Treatment of 
Cancer. Hilton-Head, NC, March 1996. 

10. Induction of apoptosis by Apo2 Ligand. American Society for Biochemistry and 
Molecular Biology, Symposium on Growth Factors and Cytokine Receptors. New 
Orleans, LA, June, 1996. 

1L Apo2 ligand, an extracellular trigger of apoptosis. 2nd Clontech Symposium, 
Palo Alto, CA, October 1996. 
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DECLARATION OF PAUL POLAKIS, Ph.D. 
I, Paul Polakis, Ph.D., declare and say as follows: 

1 . I was awarded a Ph.D. by the Department of Biochemistry of the Michigan State 
University in 1984. My scientific Curriculum Vitae is attached to and forms part of this 
Declaration (Exhibit A). 

2. I am currently employed by Genentech, Inc. where my job title is Staff Scientist 
Since joining Genentech in 1999, one of my primary responsibilities has been leading 
Genentech's Tumor Antigen Project, which is a large research project with a primary 
focus on identifying tumor cell markers that find use as targets for both the diagnosis and 
treatment of cancer in humans. 

3 . I have read and understand the claims pending in the above-identified patent 
application, which are directed to a method of treating cancer in a mammal by 
administering to the mammal a therapeutically effective amount of an antibody that 
specifically binds to a polypeptide of SEQ ID NO: 2. 

4. I have also read and understand the disclosure of WO 03/052 1 19 A2 hereinafter 
referred to Baughn et al. Baughn et al. concerns polypeptides described as human 
transporters of ion channels and designated as "TRICH " One of the "TRICH" 
polypeptides, represented by SEQ ID NO:l 1, shows a 99.9% amino acid sequence 
identity to the polypeptide of SEQ ID NO:2 of the present application. 

5. On page 59, line 9 - page 61, line 13, Baughn et al. states: 

"TRICH appears to play a role in transport, neurological, muscle, 
immunological and cell proliferati ve disorders . In the treatment of disorders 
associated with increased TRICH expression or activity, it is desirable to 
decrease the expression or activity of TRICH. In the treatment of disorders 
associated with decreased TRICH expression or activity, it is desirable to 
increase the expression or activity of TRICH. 

Therefore, in one embodiment, TRICH or a fragment or derivative thereof 
may be administ ered t o a su bject to treat or prevent a disorder associated 
with decrease d exp re ssion or activity of TRTCH , Examples of such 
disorders include, but are not limited to, a transport disorder such as 
akinesia, amyotrophic lateral sclerosis, ataxia telangiectasia, cystic fibrosis 
Becker's muscular dystrophy, Bell's palsy, Charcot-Marie Tooth disease, 
diabetes mellitus, diabetes insipidus, diabetic neuropathy, Duchenne 
muscular dystrophy, hyperkalemic periodic paralysis, normokalemic 
periodic paralysis, Parkinson's disease, malignant hyperthermia, multidrug 
resistance, myasthenia gravis, myotome dystrophy, catatonia, tardive 
dyskinesia, dystonias, peripheral neuropathy, cerebral neoplasms, prostate 
cancer, cardiac disorders associated with transport, e. g. , angina, 
bradyarrythmia, tachyarrythmia, hypertension, Long QT syndrome, 



myocarditis, cardiomyopathy, nemaline myopathy, centronuclear myopathy 
lipid myopathy, mitochondrial myopathy, thyrotoxic myopathy, ethanol 
myopathy, dermatomyositis, inclusion body myositis, infectious myositis 
polymyositis, neurological disorders associated with transport, e. g. 
Alzheimer's disease, amnesia, bipolar disorder, dementia, depression, 
epilepsy, Tourette's disorder, paranoid psychoses, and schizophrenia,' and 
other disorders associated with transport, e. g. , neurofibromatosis, 
postherpetic neuralgia, trigeminal neuropathy, sarcoidosis, sickle cell 
anemia, Wilson's disease, cataracts, infertility, pulmonary artery stenosis 
sensorineural autosomal deafness, hyperglycemia, hypoglycemia, Grave's 
disease, goiter, Cushing's disease, Addison's disease, glucose-galactose 
malabsorption syndrome, glycogen storage disease, hypercholesterolemia 
adrenoleukodystrophy, Zellweger syndrome, Menkes disease, occipital ho'rn 
syndrome, von Gierke disease, pseudohypoaldosteronism typel, Liddle's 
syndrome, cystinuria, iminoglycinuria, Hartup disease, Fanconi disease, and 
Bartter syndrome; a neurological disorder such as epilepsy, ischemic 
cerebrovascular disease, stroke, cerebral neoplasms, Alzheimer's disease 
Pick's disease, Huntington's disease, dementia, Parkinson's disease and 
other extrapyramidal disorders, amyotrophic lateral sclerosis and other 
motor neuron disorders, progressive neural muscular atrophy, retinitis 
pigmentosa, hereditary ataxias, multiple sclerosis and other demyelinating 
diseases, bacterial and viral meningitis, brain abscess, subdural empyema, 
epidural abscess, suppurative intracranial thrombophlebitis, myelitis and 
radiculitis, viral central nervous system disease, prion diseases including 
kuru, Creutzfeldt- Jakob disease, and Gerstmann-Straussler-Scheinker 
syndrome, fatal familial insomnia, nutritional and metabolic diseases of the 
nervous system, neurofibromatosis, tuberous sclerosis.cerebelloretinal 
hemangioblastomatosis,encephalotrigeminal syndrome, mental retardation 
and other developmental disorders of the central nervous system including 
Down syndrome, cerebral palsy, neuroskeletal disorders, autonomic 
nervous system disorders, cranial nerve disorders, spinal cord diseases 
muscular dystrophy and other neuromuscular disorders, peripheral nervous 
system disorders, dermatomyositis and polymyositis, inherited, metabolic 
endocrine, and toxic myopathies, myasthenia gravis, periodic paralysis 
mental disorders including mood, anxiety, and schizophrenic disorders' 
seasonal affective disorder (SAD), akathesia, amnesia, catatonia, diabetic 
neuropathy, hemiplegic migraine, tardive dyskinesia, dystonias, paranoid 
psychoses, postherpetic neuralgia, Tourette's disorder, progressive 
supranuclear palsy, corticobasal degeneration, and familial frontotemporal 
dementia; a muscle disorder such as cardiomyopathy, myocarditis 
Duchenne's muscular dystrophy, Becker's muscular dystrophy, myotonic 
dystrophy, central core disease, nemaline myopathy, centronuclear 
myopathy, lipid myopathy, mitochondrial myopathy, infectious myositis 
polymyositis, dermatomyositis, inclusion body myositis, thyrotoxic 
myopathy, ethanol myopathy, angina, anaphylactic shock,arrhythmias 
asthma, cardiovascular shock, Cushing's syndrome, hypertension 
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hypoglycemia, myocardial infarction, migraine, pheochromocytoma, and 
myopathies including encephalopathy, epilepsy,Kearns-Sayre syndrome 
lactic acidosis, myoclonic disorder, ophthalmoplegia, acid maltase 
deficiency (AMD, also known as Pompe's disease), generalized myotonia, 
and myotonia congenita; an immunological disorder such as acquired 
immunodeficiency syndrome (AIDS), Addison's disease, adult respiratory 
distress syndrome, allergies, ankylosing spondylitis, amyloidosis, anemia, 
asthma, atherosclerosis, autoimmune hemolytic anemia, autoimmune 
thyroiditis, autoimmune polyendocrinopathy-candidiasis-ectodermal 
dystrophy (APECED), bronchitis, cholecystitis, contact dermatitis, Crohn's 
disease, atopic dermatitis, dermatomyositis, diabetes mellitus, emphysema, 
episodiclymphopenia withlymphocytotoxins, erythroblastosis fetalis, 
erythema nodosum, atrophic gastritis, glomerulonephritis, Goodpasture's 
syndrome, gout, Graves'disease, Hashimoto's thyroiditis, hypereosinophilia, 
irritable bowel syndrome, multiple sclerosis, myasthenia gravis, myocardial 
or pericardial inflammation, osteoarthritis, osteoporosis, pancreatitis, 
polymyositis, psoriasis, Reiter's syndrome, rheumatoid arthritis, 
scleroderma,Sjgren's syndrome, systemic anaphylaxis, systemic lupus 
erythematosus, systemic sclerosis, thrombocytopenic purpura, ulcerative 
colitis, uveitis, Werner syndrome, complications of cancer, hemodialysis 
and extracorporeal circulation, viral, bacterial, fungal, parasitic,protozoal 
andhelmmthic infections, and trauma; and a cell proliferative disorder such 
as_actinic keratosis, arteriosclerosis, atherosclerosis, bursitis, cirrhosis, 
hepatitis, mixed connective tissue disease (MCTD), myelofibrosis, 
paroxysmal nocturnalhemoglobinuria, polycythemia vera, psoriasis, 
pnmarythrombocythemia, and cancers includinp ade nocarcinoma. ' 
leukemia, lymphoma melanoma, m yeloma, sarcoma, teratocarcinoma. and. 
in particular, cancers of the adrenal pland, bladder, hone hone marrow 
brain, breast, cervix, colon, gall bladder, p anplia. gastrointestinal wt, 
heart, kidney, liver lung, muscle, ova ry, pancreas, parathyroid, p enis, 
prostate, saliva ry gland s , s kin , s pleen, testis, thym us, thvroid and uterus " 
(Emphasis added.) 
6. On page 61, lines 24-29, Baughn <?/ al. state: 

"In a further embodiment, an antagonist of TRICH mav he. administered to a 
subject to treat or prevent a disorder associated with increased expression or 
activity of TRICH. Examples of such disorders include, but are not limited to 
those transport, neurological, muscle, immunological and cell proliferative 
disorders described above. In one aspect, an antibody whic h specifically hinrk 
TRICH may be used direct l y as an antap onist or indirectly as a targeting or 
delivery mechanism for bringing a pharmaceutical agent to cells or tissues 
which express TRICH." 

(Emphasis added) 



3 



7. Thus , Baughn et al. suggest that TRICH polypeptides play a role in such diverse 
conditions as transport, neurological, muscle, immunological and cell proliferative 
disorders, including essentially any kind of cancer. They further suggest that such 

™^o Can , be prevented or treated either with TRICH polypeptides or with antagonists 
ot I RICH polypeptides, such as antibodies which specifically bind TRICH From other 
parts of the disclosure and the claims it appears that TRICH may be over- or under- 
expressed in such conditions, and in the case of under-expression, TRICH is used as a 
preventative or therapeutic agent, while in the case of over-expression, the treatment is 
performed with TRICH antagonists, such as antibodies which specifically bind TRICH 
Baughn et al. have no data or other teaching indicating if the compound of SEQ ID NO 
1 1 is under- or over-expressed in any of these conditions. 

8. Based on the disclosure discussed in paragraphs 5-7 above, in order to use 
antibodies that specifically bind the compound of SEQ ID NO: 1 1 for any therapeutic 
purpose, I would first need to determine if the polypeptide of SEQ ID NO- 1 1 is over- 
expressed or under-expressed in any transport, neurological, muscle, immunological or 
cell proliferative disorder. These broad classes of disorders include an extremely large 
number of diseases. Thus, for example, in addition to the cancer types (adenocarcinoma 
eukemia, lymphoma, melanoma, myeloma, sarcoma, teratocarcinoma) and cancers 
(cancers of the adrenal gland, bladder, bone, bone marrow, brain, breast, cervix colon 
gall bladder, ganglia, gastrointestinal tract, heart, kidney, liver, lung, muscle ovary ' 
pancreas, parathyroid, penis, prostate, salivary glands, skin, spleen, testis, thymus ' 
thyroid, and uterus) listed by Baughn et al, cell proliferative disorders include a variety 
of other conditions, including actinic keratosis, arteriosclerosis, atherosclerosis, bursitis 
cirrhosis hepatitis, mixed connective tissue disease (MCTD), myelofibrosis, paroxysmal 
nocturnalhemoglobinuria, polycythemia vera, psoriasis, primarythrombocythemia, also 
listed by Baughn et al. Since Baughn et al. has no specific teaching about the 
involvement of the polypeptide of SEQ ID NO: 1 1 in any of such conditions, I would 
have no reason to prefer any type of disorders over other types, or any specific disease 
over any other. 

tta xt^ A * C0Tdin Z ] y> in order to determine whether antibodies to the polypeptide of SEQ 
ID NO: 1 1 are useful in the treatment of any disease or disorder, I would need to 
investigate the involvement of the polypeptide of SEQ ID NO: 1 1 in a daunting number 
ot transport, neurological, muscle, immunological and cell proliferative diseases until I 
find one where !t seems to be involved, such as, under- or over-expressed. After finding 
a condition where the polypeptide of SEQ ID NO: 1 1 is over-expressed, I would need to 
examine whether the elevated expression levels of this polypeptide play a role in the 
pathology of the disease in question, and, if such role is confirmed, experimentally 
determine if antibodies specifically binding the polypeptide of SEQ ID NO- 1 1 are able to 
counteract such pathological role. 

10. Anyone who has spent any time in a research laboratory, working on the 
identification of new drug targets and the development of drug candidates for the 
treatment of serious medical conditions would understand that the tasks outlined in 
paragraph 9 above would take more than a lifetime even for large groups of scientists 
Accordingly, based on the disclosure of Baughn et al. I would not be able to use the 
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«nS^°f ?f Q 10 N ° : U ° ran mt]b0dy binding the polypeptide of 

btg id NO: 1 1 for any therapeutic purpose, without a tremendous amount of 
experimentation, without any guarantee or even expectation that such experimentation 
would eventually yield a therapeutic use. 

1 \.u 1 h u t] ? y dedare that a11 statements mad e herein of my own knowledge are true 
and that all statements made on information or belief are believed to be true and further 
that these statements were made with the knowledge that willful false statements and the 
ike somade are punishable by fine or imprisonment, or both, under Section 1001 of Title 
18 of the United States Code and that such willful statements may jeopardize the validity 
ot the application or any patent issued thereon. 



Dated: £~£h doQ '7> 

Paul Polakis, Ph.D. 
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I, Paul Polakis, Ph.D., declare and say as follows: 

I am currently employed by Genentech, Inc. where my job tide is Staff 
Scientist. 

Since joining Genentech in 1999, one of my primary responsibilities has 
been leading Genentech's Tumor Antigen Project, which is a large research 
project with a primary focus on identifying tumor cell markers that find use 
as targets for both the diagnosis and treatment of cancer in humans. 

As I stated in my previous Declaration dated May 7, 2004 (attached as 
Exhibit A), my laboratory has been employing a variety of techniques, 
including microarray analysis, to identify genes which are differentially 
expressed in human tumor tissue relative to normal human tissue. The 
primary purpose of this research is to identify proteins that are abundantly 
expressed on certain human tumor tissue(s) and that are either (i) not 
expressed, or (ii) expressed at detectably lower levels, on normal tissue(s). 

In the course of our research using microarray analysis, we have identified 
approximately 200 gene transcripts that are present in human tumor tissue 
at significantly higher levels than in normal human tissue. To date, we 
have successfully generated antibodies that bind to 3 1 of the tumor antigen 
proteins expressed from these differentially expressed gene transcripts and 
have used these antibodies to quantitatively determine the level of 
production of these tumor antigen proteins in both human tumor tissue and 
normal tissue. We have then quantitatively compared the levels of mRNA 
and protein in both the tumor and normal tissues analyzed. The results of 
these analyses are attached herewith as Exhibit B. In Exhibit B, 'V means 
that the mRNA or protein was detectably overexpressed in the tumor tissue 
relative to normal tissue and "-" means that no detectable overexpression 
was observed in the tumor tissue relative to normal tissue. 

As shown in Exhibit B, of the 3 1 genes identified as being detectably 
overexpressed in human tumor tissue as compared to normal human tissue 
at the mRNA level, 28 of them (i.e., greater than 90%) are also detectably 
overexpressed in. human tumor tissue as compared to normal human tissue 
at the protein level. As such, in the cases where we have been able to 
quantitatively measure both (i) mRNA and (ii) protein levels in both (i) 
tumor tissue and (ii) normal tissue, we have observed that in the vast 
majority of cases, there is a very strong correlation between increases in 
mRNA expression and increases in the level of protein encoded by that 
mRNA. 
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Dated: 



Based upon my own experience accumulated in more than 20 years of 
research, including the data discussed in paragraphs 4-5 above and my 
knowledge of the relevant scientific literature, it is my considered scientific 
opinion that for human genes, an increased level of mRNA in a tumor 
tissue relative to a normal tissue more often than not correlates to a similar 
increase in abundance of the encoded protein in the tumor tissue relative to 
the normal tissue. In fact, it remains a generally accepted working 
assumption in molecular biology that increased mRNA levels are more 
often than not predictive of elevated levels of the encoded protein. . In fact, 
an entire industry focusing on the research and development of therapeutic 
antibodies to treat a variety of human diseases, such as cancer, operates on 
this working assumption. 

I hereby declare that all statements made herein of my own knowledge are 
true and that all statements made on information or belief are believed to be 
true, and further that these statements were made with the knowledge that 
willful false statements and the like so made are punishable by fine or 
imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code and that such willful statements may jeopardize the validity of the 
application or any patent issued thereon. 
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DECLARATION OF PAUL POLAKIS, Ph.D. 
I, Paul Polakis, Ph.D., declare and say as follows: 

1. I was awarded a PhD. by the Department of Biochemistry of the Michigan 
State University in 1984. My scientific Curriculum Vitae is attached to and forms 
part of this Declaration (Exhibit A). 

2. I am currently employed by Genentech, Inc. where my job tide is Staff 
Scientist. Since joining Genentech in 1999, one of ray primary responsibilities has 
been leading Genentech's Tumor Antigen Project, which is a large research project 
with a primary focus on identifying tumor cell markers that find use as targets for 
both the diagnosis and treatment of cancer in humans. 

3. As part of the Tumor Antigen Project, my laboratory has been analyzing 
differential expression of various genes in tumor cells relative to normal cells. 
The purpose of this research is to identify proteins that are abundantly expressed 
on certain tumor cells and that are either (i) not expressed, or (ii) expressed at 
lower levels, on corresponding normal cells. We call such differentially expressed 
proteins "tumor antigen proteins". When such a tumor antigen protein is 
identified, one can produce an antibody that recognizes and binds to that protein. 
Such an antibody finds use in the diagnosis of human cancer and may ultimately 
serve as an effective therapeutic in the treatment of human cancer. 

4. In the course of the research conducted by Genentech's Tumor Antigen 
Project, we have employed a variety of scientific techniques for detecting and 
studying differential gene expression in human tumor cells relative to normal cells, 
at genomic DNA, mRNA and protein levels. An important example of one such 
technique is the well known and widely used technique of microarray analysis 
which has proven to be extremely useful for the identification of mRNA molecules 
that are differentially expressed in one tissue or cell type relative to another. In the 
course of our research using microarray analysis, we have identified 
approximately 200 gene transcripts that are present in. human tumor cells at 
. significantly higher levels than in corresponding normal human cells. To date, we 
have generated antibodies that bind to about 30 of the tumor antigen proteins ' 
expressed from these differentially expressed gene transcripts and have used these 
antibodies to quantitatively determine the level of production of these tumor 
antigen proteins in both human cancer cells and corresponding normal cells. We 
have then compared the levels of mRNA and protein in both the tumor and normal 
cells analyzed. 

5. From the mRNA and protein expression analyses described in paragraph 4 
above, we have observed that there is a strong correlation between changes in the 
level of mRNA present in any particular cell type and the level of protein 



expressed from that mRNA in that cell type. In approximately 80% of our 
observations we have found that increases in the level of a particular mRNA 
correlates with changes in the level of protein expressed fiom that mRNA when 
human tumor cells are compared with their corresponding normal cells. 

6. Based upon my own experience accumulated in more than 20 years of 
research, including the data discussed in paragraphs 4 and 5 above and my 
knowledge of the relevant scientific literature, it is my considered scientific 
opinion that for human genes, an increased level of mRNA in a tumor cell relative 
to a normal cell typically correlates to a similar increase in abundance of the 
encoded protein in the tumor cell relative to the normal cell. In fact, it remains a 
central dogma in molecular biology that increased mRNA levels are predictive of 
corresponding increased levels of the encoded protein. While there have been 
published reports of genes for which such a correlation does not exist, it is my 
opinion that such reports are exceptions to the commonly understood general rule 
that increased mRNA levels are predictive of corresponding increased levels of the 
encoded protein. 

7 I hereby declare that all statements made herein of my own knowledge are 
true and that all statements made on information or belief are believed to be true 
and further that these statements were made with the knowledge that willful false 
statements and the like so made are punishable by fine or imprisonment, or both 
under Sechon 1001 of Title 18 ofthe United States Code and that such willful 
statements may jeopardize the validity ofthe application or any patent issued 
thereon. 
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ABSTRACT 

Genetic changes underlie tumor progression and may lead to cancer- 
specific expression of critical genes. Over 1100 publications have de- 
scribed the use of comparative genomic hybridization (CGH) to analyze 
the pattern of copy number alterations in cancer, but very few of the genes 
affected are known. Here, we performed high-resolution CGH analysis on 
cDNA microarrays in breast cancer and directly compared copy number 
and mRNA expression levels of 13,824 genes to quantitate the impact of 
genomic changes on gene expression. We Identified and mapped the 
boundaries of 24 independent amplicons, ranging in size from 0.2 to 12 
Mb. Throughout the genome, both high- and low-level copy number 
changes had a substantial impact on gene expression, with 44% of the 
highly amplified genes showing overexprcssion and 10.5% of the highly 
overexpressed genes being amplified. Statistical analysis with random 
permutation tests identified 270 genes whose expression levels across 14 
samples were systematically attributable to gene amplification. These 
included most previously described amplified genes in breast cancer and 
many novel targets for genomic alterations, including the HOXB7 gene, 
the presence of which in a novel amplicon at 17q2U was validated in 
10.2% of primary breast cancers and associated with poor patient prog- 
nosis. In conclusion, CGH on cDNA microarrays revealed hundreds of 
novel genes whose overexprcssion is attributable to gene amplification. 
These genes may provide insights to the clonal evolntion and progression 
of breast cancer and highlight promising therapeutic targets. 

INTRODUCTION 

Gene expression patterns revealed by cDNA microarrays have 
facilitated classification of cancers into biologically distinct catego- 
ries, some of which may explain the clinical behavior of the tumors 
(1-6). Despite this progress in diagnostic classification, the molecular 
mechanisms underlying gene expression patterns in cancer have re- 
mained elusive, and the utility of gene expression profiling in the 
identification of specific therapeutic targets remains limited. 

Accumulation of genetic defects is thought to underlie the clonal 
evolution of cancer. Identification of the genes that mediate the effects 
of genetic changes may be important by highlighting transcripts that 
are actively involved in tumor progression. Such transcripts and their 
encoded proteins would be ideal targets for anticancer therapies, as 
demonstrated by the clinical success of new therapies against ampli- 
fied oncogenes, such as ERBB2 and EGFR (7, 8), in breast cancer and 
other solid tumors. Besides amplifications of known oncogenes, over 
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20 recurrent regions of DNA amplification have been mapped in 
breast cancer by CGH* (9, 10). However, these amplicons are often 
large and poorly defined, and their impact on gene expression remains 
unknown. 

We hypothesized that genome-wide identification of those gene 
expression changes that are attributable to underlying gene copy 
number alterations would highlight transcripts that are actively in- 
volved in the causation or maintenance of the malignant phenotype. 
To identify such transcripts, we applied a combination of cDNA and 
CGH microarrays to: (a) determine the global impact that gene copy 
number variation plays in breast cancer development and progression; 
and (6) identify and characterize those genes whose mRNA expres- 



3 The abbreviations used are: CGH, comparative genomic hybridization; FISH, fluo- 
rescence in situ hybridization; RT-PCR. reverse transcription-PCR. 
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Fig. 2. Genome-wide copy number and expression analysis in the MCF-7 breast cancer cell line. A. chromosomal CGH analysis of MCF-7. The copy number ratio profile (blue 
line) across the entire genome from I p telomere to Xo, telomere is shown along with 1. 1 SD (orange Una). The Woe* horizontal line indicate! a ratio of I &, red line, a ratio of 0.8; 
and greet line, a ratio of 1.2. B-C genome-wide copy number analysis in MCF-7 by CGH on cDNA microamy. The copy number ratios were plotted as a function of the position 
of the cDKA clones along the human genome. In 0, individual data points are connected with a line, and a moving median of 10 adjacent clones is shown. Red horizontal line, the 
copy number ratio of 1 .0. In C, individual data points are labeled by color coding according to cDNA expression ratios. The bright red dots indicate the upper 2%, and dark red dolt, 
die next 5% of the- expression ratios in MCF-7 cells (overcxpressed genes); bright green dots indicate the lowest 2%. and dark green dots, the next 5% of the expression ratios 
(underexpressed genes); the rest of the observations are shown with black crosses. The chromosome numbers are shown at the bottom of die figure, and chromosome boundaries are 
indicated with a dashed line. 



sion is most significantly associated with amplification of the corre- 
sponding genomic template. 

MATERIALS AND METHODS 

Breast Cancer Cell Lines. Fourteen breast cancer cell lines (FJT-20, BT- 
474, HCC1428, Hs578t, MCF7, MDA-361, MDA-436, MDA-453, MDA-468, 
SKBR-3, T-47D, UACC812, ZR-75-1, and ZR-75-30) were obtained from the 
American Type Culture Collection (Manassas, VA). Cells were grown under 
recommended culture conditions. Genomic DNA and mRNA were isolated 
using standard protocols. 

Copy Number and Expression Analyses by cDNA Microarrays. The 
preparation and printing of the 13,824 cDNA clones on glass slides were 
performed as described (11-13). Of these clones, 244 represented uncharac- 
terized expressed sequence tags, and the remainder corresponded to known 
genes. CGH experiments on cDNA microarrays were done as described (14, 
1 3). Briefly, 20 fig of genomic DNA from breast cancer cell lines and normal 
human WBCs were digested for 14-18 b with AM and Rial (Life Technol- 
ogies, Inc., Rockville, MD) and purified by phenol/chloroform extraction. Six 
ftg of digested cell line ONAs were labeled with Cy3-dUTP (Amersham 
Pharmacia) and normal DNA with CyS-dUTP (Amersham Pharmacia) using 
the Bioprime Labeling kit (Life Technologies, Inc.). Hybridization (14, 15) and 
posthybridization washes (13) were done as described. For the expression 
analyses, a standard reference (Universal Human Reference RNA; Stratagene, 
La Jolla, CA) was used in all experiments. Forty fig of reference RNA were 
labeled with Cy3-dUTP and 3.5 fig of test mRNA with Cy5-dUTP, and the 
labeled cDNAs were hybridized on microarrays as described (13, 1 5). For both 
microarray analyses, a laser confocal scanner (Agilent Technologies, Palo 
Alto, CA) was used to measure the fluorescence, intensities at the target 
locations using the DEARRAY software (16). After background subtraction, 
average intensities at each clone in the test hybridization were divided by the 
average intensity of the corresponding clone in the control hybridization. For 
the copy number analysis, the ratios were normalized on the basis of the 
distribution of ratios of all targets on the array and for the expression analysis . 
on the basis of 88 housekeeping genes, which were spotted four times.onto the 
array. Low quality measurements (I.e.. copy number data with mean reference 
intensity <100 fluorescent units, and expression data with both test and 
reference intensity <100 fluorescent units and/or with spot size <50 units) 



were excluded from the analysis and were treated as missing values. The 
distributions of fluorescence ratios were used to define cutpoints for increased/ 
decreased copy number. Genes with CGH ratio > 1 .43 (representing the upper 
5% of the CGH ratios across all experiments) were considered to be amplified, 
and genes with rado <0.73 (representing the lower 5%) were considered to be 
deleted. 

Statistical Analysis of CGH and cDNA Microarray Data. To evaluate 
the influence of copy number alterations on gene expression, we applied the 
following statistical approach. CGH and cDNA calibrated intensity ratios were 
log-transformed and normalized using median centering of the values in each 
cell line. Furthermore, cDNA ratios for each gene across all 14 cell lines were 
median centered. For each gene, the CGH data were represented by a vector 
that was labeled 1 for amplification (ratio, >1.43) and 0 for no amplification. 
Amplification was correlated with gene expression using the signal-to-noise 
statistics (1). We calculated a weight, w F for each gene as follows: 

m,i - rrijo 

where m gl , a (l and denote the means and SDs for the expression 

levels for amplified and oonamplified cell lines, respectively. To assess the 
statistical significance of each weight, we performed 10,000 random permu- 
tations of the label vector. The probability that a gene had a larger or equal 
weight by random permutation than the original weight was denoted by a. A 
low a (<0.0S) indicates a strong association between gene expression and 
amplification. 

Genomic Localization of cDNA Clones and Amplicon Mapping. Each 
cDNA clone on the microarray was assigned to a Unigene cluster using the 
Unigene Build 141.* A database of genomic sequence alignment information 
for mRNA sequences was created from the August 2001 freeze of the Uni- 
versity of California Santa Cruz's GoldenPath database. 7 The chromosome and 
bp positions for each cDNA clone were then retrieved by relating these data 
sett. Amplicons were defined as a CGH copy number ratio >2.0 in at least two 
adjacent clones in two or more cell lines or a CGH ratio >2.0 in at least three 
adjacent clones in a single cell line. The amplicon start and end positions were 



* Internet' address: bttp://re*eareh.i>hgrLn&.gov/nucre^ 
7 Internet address: www.gcnomt.ucsc.edu. 
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Table I Summary of Independent amplicons in 14 breast cancer cell lines by 



Location 



Ipl3 
lq2l 
Iq22 
3pl4 

7pI2.1-7pl 1.2 

7qJI 

7q32 

Bq21.ll-Sq2l.13 
Sq2l3 

8q233-«q24.]4 

8q24.22 

9pl3 

13q22-q3l 

I6q22 

I7qll 

I7<jl2-q21 2 

I7q2l32-q2l.33 

I7q22-q23.3 

I7q23.3-q24.3 

19ql3 

20qll.22 

20ql3.12 

20ql3.l2-ql3.l3 

20ql3.2-ql3.32 



CGH ndcroarruy 


Stan (Mb) 


End (Mb) 


Size (Mb) 


13179 


132.94 


0.2 


173.92 


177 .25 


33 


179.28 


179.57 


0.3 


71.94 


74.66 


2.7 


55.62 


60.95 


5.3 


125.73 


130.96 


5.2 


140.01 


140.68 


0.7 


86.45 


92.46 


6.0 


98.45 


103.05 


4.6 


129.8! 


142.15 


123 


151.21 


15116 


1.0 


38.65 


39.25 


0.6 


77.15 


8138 


4.2 


86.70 


87.62 


0.9 


29.30 


30.85 


1.6 


39.79 


42.80 


3.0 


52.47 


55.80 


33 


63.81 


69.70 


5.9 


69.93 


74.99 


J.I 


40.63 


41.40 


0.8 


34.59 


35.85 


1.3 


44.00 


45.62 


1.6 


46.45 


49.43 


3.0 


5132 


59.12 


7.8 



CGH were validated, with lq21, 17ql2-q21.2, 17q22-q23, 20ql3.1, 
and 20ql3.2 regions being most commonly amplified. Furthermore, 
the boundaries of these amplicons were precisely delineated. In ad- 
dition,. novel amplicons were identified at 9pl3 (38.65-39.25 Mb), 
and 17q213 (52.47-55.80 Mb). 

Direct Identification of Putative Amplification Target Genes. 
The cDNA/CGH microarray technique enables the direct correla- 
tion of copy number and expression data on a gene-by-gene basis 
throughout the genome. We directly annotated high-resolution 
CGH plots with gene expression data using color coding. Fig. 2C 
shows that most of the amplified genes in the MCF-7 breast cancer 
cell line at lpl3, 17q22-q23, and 20ql3 were highly overex- 
pressed. A view of chromosome 7 in the MDA-468 cell line 
implicates ECFR as the most highly overexpressed and amplified 
gene at 7pl l-pl2 (Fig. 3,4). In BT-474, the two known amplicons 
at 17ql2 and 17q22-q23 contained numerous highly overex- 
pressed genes (Fig. 3fl). In addition, several genes, including the 
homeobox genes HOXB2 and HOXB7, were highly amplified in a 
previously undescribed independent amplicon at 17q21.3. HOXB7 
was systematically amplified (as validated by FISH, Fig. 3fl, inset) 
as well as overexpressed (as verified by RT-PCR, data not shown) 
in BT-474, UACC812, and ZR-75-30 cells. Furthermore, this novel 



extended to include neighboring nonamplified clones (ratio, <1.5). The am- 
plicon size determination was partially dependent on local clone density. 

FISH. Dual-color interphase FISH to breast cancer cell line* was done as 
described (17). Bacterial artificial chromosome clone RP11-3611C8 was la- 
beled with SpectrumOrange (Vysis, D owners Grove, IL), and Spectrum- 
Orange-labeled probe for ECFR was obtained from Vysis. SpectrumGreen- 
labeled chromosome 7 and 17 centromere probes (Vysis) were used as a 
reference. A tissue microarray containing 612 formalin-fixed, paraffin-embed- 
ded primary breast cancers (17) was applied in FISH analyses as described 
(18). The use of these specimens was approved by the Ethics Committee of the 
University of Basel and by the N1H. Specimens containing a 2-fold or higher 
increase in the number of test probe signals, as compared with corresponding 
centromere signals, in at least 10% of the tumor cells were considered to be 
amplified. Survival analysis was performed using the Kaplan-Meier method 
and the log-rank test. 

RT-PCR. The HOXB7 expression level was determined relative to 
GAPDH. Reverse transcription and PCR amplification were performed using 
Access RT-PCR System (Promega Corp., Madison, WI) with 10 ng of mRNA 
as a template. HOXB7 primers were J '-GAGC AGAGGG ACTCGG ACTT-3 ' 
and 5'-GCGTCAGGTAGCGATTGTAG-3'. 

RESULTS 

Global Effect of Copy Number on Gene Expression. 13,824 
arrayed cDNA clones were applied for analysis of gene expression 
and gene copy number (CGH microarrays) in 14 breast cancer cell 
lines. The results illustrate a considerable influence of copy number 
on gene expression patterns. Up to 44% of the highly amplified 
transcripts (CGH ratio, >2.5) were overexpressed (i.e., belonged to 
the global upper 7% of expression ratios), compared with only 6% for 
genes with normal copy number levels (Fig. 1 A). Conversely, 10.5% 
of the transcripts with high-level expression (cDNA ratio, >10) 
showed increased copy number (Fig. IB). Low-level copy number 
increases and decreases were also associated with similar, although 
less dramatic, outcomes on gene expression (Fig. 1). 

Identification of Distinct Breast Cancer Amplicons. Base-pair 
locations obtained for 1 1 ,994 cDNAs (86.8%) were used to plot copy 
number changes as a function of genomic position (Fig. 2, Supple- 
ment Fig. A). The average spacing of clones throughout the genome 
was 267 kb. This high-resohition mapping identified 24 independent 
breast cancer amplicons, spanning from 0.2 to 12 Mb of DNA (Table 
I). Several amplification sites detected previously by chromosomal 
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Fig. 3. Annotation of gene expression data on CGH microarray profiles. A, genes in the 
7pl!-pl2 amplicon in the MDA-468 cell line are highly expressed (red dots) and include 
the ECFR oncogene. B. several genea in the 1 7ql2, I7q2l3, and I7q23 amplicons in the 
BT-474 breast cancer ceil line are highly overexpressed (red) and include the HOXB7 
gene. The data labeii and color coding are as indicated for Fig, 2C. Insets show 
chromosomal CGH profiles for the corresponding chromosomes and validation of the 
increased copy number by interphase FISH using ECFR {red) and chromosome 7 
centromere probe (green) to MDA-468 (4) and /YOffl7-speci0c probe [red) and chro- 
mosome 17 ce ntr o m er e (green) to BT-474 cells (By. 
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Fig. 4. List of 50 genet with a statistically 
significant correlation (a value <0.05) between 
gene copy number and gene expression. Name, 
chromosomal location, and the o value for each 
gene are indicated. The genes have been ordered 
according to their position in the genome. The color 
maps on the right illustrate the copy number and 
expression ratio patterns in the 14 cell lines. The 
key to the color code is shown at the bottom of the 
graph. Gray squares, missing values. The complete 
list of 270 genet is shown in supplemental Fig. B. 
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amplification was validated to be present in 10.2% of 363 primary 
breast cancers by FISH to a tissue microarray and was associated 
with poor prognosis of the patients (P = 0.001). 

Statistical Identification and Characterization or 270 Highly 
Expressed Genes in Amplicons. Statistical comparison of expres- 
sion levels of all genes as a function of gene amplification identified 
270 genes whose expression was significantly influenced by copy 
number across all 14 cell lines (Fig. 4, Supplemental Fig. B). Accord- 
ing to the gene ontology data,* 91 of the 270 genes represented 
hypothetical proteins or genes with no functional annotation, whereas 
179 had associated functional information available. Of these, 151 
(84%) are implicated in apoptosis, cell proliferation, signal transduc- 
tion, and transcription, whereas 28 (16%) had functional annotations 
that could not be directly linked with cancer. 



DISCUSSION 

The importance of recurrent gene and chromosome copy number 
changes in the development and progression of solid tumors has been 
characterized in >1000 publications applying CGH 9 (9, 10), as well 
as in a large number of other molecular cytogenetic, cytogenetic, and 
molecular genetic studies. The effects of these somatic genetic 
changes on gene expression levels have remained largely unknown, 
although a few studies have explored gene expression changes occur- 
ring in specific amplicons (15, 19-21). Here, we applied genome- 
wide cDNA microarrays to identify transcripts whose expression 
changes were attributable to underlying gene copy number alterations 
in breast cancer. 

The overall impact of copy number on gene expression patterns was 
substantial with the most dramatic effects seen in the case of high- 



* Interna address.- http://www.gerieontoloirY.org/. 



' Internet address: hnpy/www.ncbLnlm.nih.gov/enirez. 
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level copy number increase. Low-level copy number gains and losses 
also had a significant influence on expression levels of genes in the 
regions affected, but these effects were more subtle on a gene-by-gene 
basis than those of high-level amplifications. However, the impact of 
low-level gains on the dysregulation of gene expression patterns in 
cancer may be equally important if not more important than that of 
high-level amplifications. Aneuploidy and low-level gains and losses 
of chromosomal arms represent the most common types of genetic 
alterations In breast and other cancers and, therefore, have an influ- 
ence on many genes. Our results in breast cancer extend the recent 
studies on the impact of aneuploidy on global gene expression pat- 
terns in yeast cells, acute myeloid leukemia, and a prostate cancer 
model system (22-24). 

The CGH microarray analysis identified 24 independent breast 
cancer amplicons. We defined the precise boundaries for many am- 
plicons detected previously by chromosomal CGH (9, 10, 25, 26) and 
also discovered novel amplicons that had not been detected previ- 
ously, presumably because of their small size (only 1-2 Mb) or close 
proximity to other larger amplicons. One of these novel amplicons 
involved the homeobox gene region at 17q21.3 and led to the over- 
expression of the HOXB7 and HOXB2 genes. The homeodomain 
transcription factors are known to be key regulators of embryonic 
development and have been occasionally reported to undergo aberrant 
expression in cancer (27, 28). HOXB7 transfection induced cell pro- 
liferation in melanoma, breast, and ovarian cancer cells and increased 
turoorigenicity and angiogencsis in breast cancer (29-32). The pres- 
ent results imply that gene amplification may be a prominent mech- 
anism for overexpressing HOXB7 in breast cancer and suggest that 
HOXB7 contributes to tumor progression and confers an aggressive 
disease phenotype in breast cancer. This view is supported by our 
finding of amplification of HOXB7 in 10% of 363 primary breast 
cancers, as well as an association of amplification with poor prognosis 
of the patients. 

We carried out a systematic search to identify genes whose 
expression levels across all 14 cell lines were attributable to 
amplification status. Statistical analysis revealed 270 such genes 
(representing ~2% of all genes on the array), including not only 
previously described amplified genes, such as HER-2, MYC, 
EGFR, ribosomal protein s6 kinase, and AIBi, but also numerous 
novel genes such as NRAS-related gene ( lpl3), syndecan-2 (8q22), 
and bone morphogenic protein (20ql3.1), whose activation by 
amplification may similarly promote breast cancer progression. 
Most of the 270 genes have not been implicated previously in 
breast cancer development and suggest novel pathogenetic mech- 
anisms. Although we would not expect all of them to be causally 
involved, it is intriguing that 84% of the genes with associated 
functional information were implicated in apoptosis, cell prolifer- 
ation, signal transduction, transcription, or other cellular processes 
that could directly imply a possible role in cancer progression. 
Therefore, a detailed characterization of these genes may provide 
biological insights to breast cancer progression and might lead to 
the development of novel therapeutic strategies. 

In summary, we. demonstrate application of cDNA microarrays 
to the analysis of both copy number and expression levels of over 
12,000 transcripts throughout the breast cancer genome, roughly 
once every 267 kb. This analysis provided: (a) evidence of a 
■ prominent global influence of copy number changes on gene 
expression levels; (*) a high-resolution map of 24 independent 
amplicons in breast cancer; and (c) identification of a set of 270 
genes, the overexpression of which was statistically attributable to 
gene amplification. Characterization of a novel amplicon at 
17q21.3 implicated amplification and overexpression of the 
HOXB7 gene in breast cancer, including a clinical association 



between HOXB7 amplification and poor patient prognosis. Overall, 
our results illustrate how the identification of genes activated by 
gene amplification provides a powerful approach to highlight 
genes with an important role in cancer as well as to prioritize and 
validate putative targets for therapy development. 
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Genomic DNA copy number alterations are key genetic events in 
the development and progression of human cancers. Here we 
report a genome-wide microarray comparative genomic hybrid- 
ization (array CGH) analysis of DNA copy number variation in 
a series of primary human breast tumors. We have profiled DNA 
copy number alteration across 6,691 mapped human genes, in 44 
predominantly advanced, primary breast tumors and 10 breast 
cancer cell lines. While the overall patterns of DNA amplification 
and deletion corroborate previous cytogenetic studies, the high- 
resolution (gene-by-gene) mapping of amplicon boundaries and 
the quantitative analysis of amplicon shape provide significant 
improvement in the localization of candidate oncogenes. Parallel 
microarray measurements of mRNA levels reveal the remarkable 
degree to which variation in gene copy number contributes to 
variation in gene expression in tumor cells. Specifically, we find 
that 62% of highly amplified genes show moderately or highly 
elevated expression, that DNA copy number influences gene ex- 
pression across a wide range of DNA copy number alterations 
(deletion, low-, mid- and high-level amplification), that on average, 
a 2-fold change in DNA copy number Is associated with a corre- 
sponding 1.5-fold change in mRNA levels, and that overall, at least 
12% of .all the variation in gene expression among the breast 
tumors is directly attributable to underlying variation in gene copy 
number. These findings provide evidence that widespread DNA 
copy number alteration can lead directly to global deregulation of 
gene expression, which may contribute to the development or 
progression of cancer. 

Conventional cytogenetic techniques, including comparative 
genomic hybridization (CGH) (1). have led to the identifi- 
cation of a number of recurrent regions of DNA copy number 
alteration in breast cancer cell lines and tumors (2-4). While 
some of these regions contain known or candidate oncogenes 
[e.g, FGFR1 (8pll), MYC (8q24), CCND1 (llql3), ERBB2 
(17ql2), and ZNF217 (20ql3)j and tumor suppressor genes 
[RBI (13ql4) and TP53 (17pl3)], the relevant gene(s) within 
other regions (e.g., gain of lq, 8q22. and 17q22-24, and loss of 
8p) remain to be identified. A high-resolution genome-wide 
map, delineating the boundaries of DNA copy number alter- 
ations in tumors, should facilitate the localization and identifi- 
cation of oncogenes and tumor suppressor genes in breast 
cancer. In this study, we have created such a map, using 
array-based CGH (5-7) to profile DNA copy number alteration 
in a series of breast cancer cell lines and primary tumors. 

An unresolved question is the extent to which the widespread 
DNA copy number changes that we and others have identified 
in breast tumors alter expression of genes within involved 
regions. Because we had measured mRNA levels in parallel in 
the same samples (8), using the same DNA microarrays, we had 
an opportunity to explore on a genomic scale the relationship 
between DNA copy number changes and gene expression. From 



this analysis, we have identified a significant impact of wide- 
spread DNA copy number alteration on the transcriptional 
programs of breast tumors. 

Materials and Methods 

Tumors and Cell Lines. Primary breast tumors were predominantly 
large (>3 cm), intermediate-grade, mfiltrating ductal carcino- 
mas, with more than 50% being lymph node positive. The 
fraction of tumor cells within specimens averaged at least 50%. 
Details of individual tumors have been published (8, 9), and 
are summarized in Table 1, which is published as supporting 
information on the PNAS web site, www.pnas.org. Breast cancer 
cell lines were obtained from the American Type Culture 
Collection. Genomic DNA was isolated either using Qiagen 
genomic DNA columns, or by phenol/chloroform extraction 
followed by ethanol precipitation. 

DNA Labeling and Microarray Hybridizations. Genomic DNA label- 
ing and hybridizations were performed essentially as described 
in Pollack el aL (7), with slight modifications. Two micrograms 
of DNA was labeled in a total volume of 50 microliters and the 
volumes of all reagents were adjusted accordingly. "Test" DNA 
(from tumors and cell lines) was f luorescently labeled (Cy5) and 
hybridized to a human cDNA microarray containing 6,691 
different mapped human genes (i.e., UniGene clusters). The 
"reference" (labeled with Cy3) for each hybridization was nor- 
mal female leukocyte DNA from a single donor. The fabrication 
of cDNA microarrays and the labeling and hybridization of 
mRNA samples have been described (8). 

Data Analysis and Map Positions. Hybridized arrays were scanned 
on a GenePix scanner (Axon Instruments, Foster City, CA), and 
fluorescence ratios (test/reference) calculated using scanalyze 
software (available at http://rana.lbl.gov). Fluorescence ratios 
were normalized for each array by setting the average log 
fluorescence ratio for all array elements equal to 0. Measure- 
ments with fluorescence intensities more than 20% above back- 
ground were considered reliable. DNA copy number profiles 
that deviated significantly from background ratios measured in 
normal genomic DNA control hybridizations were interpreted as 
evidence of real DNA copy number alteration (see Estimating 
Significance of Altered Fluorescence Ratios in the supporting 
information). When indicated, DNA copy number profiles are 
displayed as a moving average (symmetric 5-nearest neighbors). 
Map positions for arrayed human cDNAs were assigned by 
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Fig. 1. Genome-wide measurement of DNA copy number alteration by array CGH. (a) ONA copy number profiles are illustrated for cell lines containing different 
numbers of X chromosomes, for breast cancer cell lines, and for breast tumors. Each row represents a different cell line or tumor, and each column represents 
one of 6,691 different mapped human genes present on the microarray, ordered by genome map position from 1 pterth rough Xqter. Moving average (symmetric 
5-nearest neighbors) fluorescence ratios (test/reference) are depicted using a logrbased pseudocolor scale (indicated), such that red luminescence reflects 
fold-amplification, green luminescence reflects fold-deletion, and black indicates no change (gray indicates poorly measured data), (o) Enlarged view of DNA 
copy number profiles across the X chromosome, shown for cell lines containing different numbers of X chromosomes. 



identifying the starting position of the best and longest match of 
any DNA sequence represented in the corresponding UniGene 
cluster (10) against the "Golden Path" genome assembly 
(http://genome.ucsc.edu/; Oct 7, 2000 Freeze). For UniGene 
clusters represented by multiple arrayed elements, mean fluo- 
rescence ratios (for all elements representing the same UniGene 
cluster) are reported. For mRNA measurements, fluorescence 
ratios are "mean-centered" (i.e., reported relative to the mean 
ratio across the 44 tumor samples). The data set described here 
can be accessed in its entirety in the supporting information. . 

Results 

We performed CGH on 44 predominantly locally advanced, 
primary breast tumors and 10 breast cancer cell lines, using 
cDNA microarrays containing 6,691 different mapped human 
genes (Fig. la; also see Materials and Methods for details of 
microarray hybridizations). To take full advantage of the im- 
proved spatial resolution of array CGH, we ordered (fluores- 
cence ratios for) the 6,691 cDNAs according to the "Golden 
Path" (http://genome.ucsc.edu/) genome assembly of the draft 
human genome sequences (11). In so doing, arrayed cDNAs not 
only themselves represent genes of potential interest (e.g., 
candidate oncogenes within amplicons), but also provide precise 
genetic landmarks for chromosomal regions of amplification and 



deletion. Parallel analysis of DNA from cell lines containing 
different numbers of X chromosomes (Fig. lb), as we did before 
(7), demonstrated the sensitivity of our method to detect single- 
copy loss (45, XO), and 1.5- (47.XXX). 2- (48.XXXX), or 
2.5-fold (49.XXXXX) gains (also see Fig. 5, which is published 
as supporting information on the PNAS web site). Fluorescence 
ratios were linearly proportional to copy number ratios, which 
were slightly underestimated, in agreement with previous ob- 
servations (7). Numerous DNA copy number alterations were 
evident in both the breast cancer cell lines and primary tumors 
(Fig. la), detected in the tumors despite the presence of euploid 
non-tumor cell types; the magnitudes of the observed changes 
were generally lower in the tumor samples. DNA copy-number 
alterations were found in every cancer cell line and tumor, and 
on every human chromosome in at least one sample. Recurrent 
regions of DNA copy number gain and loss were readily iden- 
tifiable. For example, gains within lq, 8q, 17q, and 20q were 
observed in a high proportion of breast cancer cell lines/tumors 
(90%/69%, 100%/47%, 100%/60%, and 90%/44%, respective- 
ly), as were losses within lp, 3p, 8p, and 13q (80%/24%, 
80%/22%, 80%/22%, and 70%/18%, respectively), consistent 
with published cytogenetic studies (reft. 2-4; a complete listing 
of gains/losses is provided in Tables 2 and 3, which are published 
as supporting information on the PNAS web site). The total 
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Fig. 2. DNAcopy number alteration across chromosome B by array CGH. (a) DNA copy number profiles are Illustrated tor cell lines containing different numbers 
of X chromosomes, for breast cancer cell lines, and for breast tumors. Breast cancer cell lines and tumors are separately ordered by hierarchical clustering to 
highlight recurrent copy number changes. Hie 241 genes present on the microarrays and mapping to chromosome 8 are ordered by position along the 
chromosome. Fluorescence ratios (test/reference) are depicted by a log? pseudocolor scale (indicated). Selected genes are Indicated with color-coded text (red. 
Increased; green, decreased; black, no change; gray, not well measured) to reflect correspondingly altered mRNA levels (observed in the majority of the subset 
of samples displaying the DNA copy number change). The map positions for genes of interest that are not represented on the microarray are indicated In the 
row above those genes represented on the array, (b) Graphical display of DNA copy number profile for breast cancer cell line SKBR3. Fluorescence ratios 
(tumor/normal) are plotted on a logj scale for chromosome 8 genes, ordered along the chromosome. 



number of genomic alterations (gains and losses) was found to 
be significantly higher in breast tumors that were high grade (P = 
0.008), consistent with published CGH data (3), estrogen recep- 
tor negative (P = 0.04), arid harboring TP53 mutations (P = 
0.0006) (see Table 4, which is published as supporting informa- 
tion on the PNAS web site). 

The improved spatial resolution of our array CGH analysis is 
illustrated for chromosome 8, which displayed extensive DNA 
copy number alteration in our series. A detailed view of the 
variation in the copy number of 241 genes mapping to chromo- 
some 8 revealed multiple regions of recurrent amplification; 
each of these potentially harbors a different known or previously 
uncharacterized oncogene (Fig. 2a). The complexity of amplicon 
structure is most easily appreciated in the breast cancer cell line 
SKBR3. Although a conventional CGH analysis of 8q in SKBR3 
identified only two distinct regions of amplification (12), we 
observed three distinct regions of high-level amplification (la- 
beled 1-3 in Fig. lb). For each of these regions we can define the 



boundaries of the interval recurrently amplified in the tumors we 
examined; in each case, known or plausible candidate oncogenes 
can be identified (a description of these regions, as well as the 
recurrently amplified regions on chromosomes 17 and 20, can be 
found in Figs. 6 and 7, which are published as supporting 
information on the PNAS web site). 

For a subset of breast cancer cell lines and tumors (4 and 37, 
respectively), and a subset of arrayed genes (6,095), mRNA 
levels were quantitatively measured in parallel by using cDNA 
microarrays (8). The parallel assessment of mRNA levels is 
useful in the interpretation of DNA copy number changes. For 
example, the highly amplified genes that are also highly ex- 
pressed are the strongest candidate oncogenes within an ampli- 
con. Perhaps more significantly, our parallel analysis of DNA 
copy number changes and mRNA levels provides us the oppor- 
tunity to assess the global impact of widespread DNA copy 
number alteration on gene expression in tumor cells. 

A strong influence of DNA copy number on gene expression 
is evident in an examination of the pseudocolor representations 
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Fig. 3. Concordance between DNA copy number end gene expression across chromosome 1 7. DNA copy number alteration (Upper) and mRNA levels (Lower) 
are Illustrated for breast cancer cell lines and tumors. Breast cancer cell lines and tumors are separately ordered by hierarchical clustering (Upper), and the 
identical sample order Is maintained (lower). The 354 genes present on the mkroarrays and mapping to chromosome 17. and for which both DNA copy number 
and mRNA levels were determined, are ordered by position along the chromosome; selected genes are indicated in color-coded text (see Fig. 2 legend). 
Fluorescence ratios (test/reference) are depicted by separate togi pseudocolor scales (indicated). 



of DNA copy number and mRNA levels for genes on chromo- 
some 17 (Fig. 3). The overall patterns of gene amplification and 
elevated gene expression are quite concordant; i.e., a significant 
fraction of highly amplified genes appear to be correspondingly 
highly expressed. The concordance between high-level amplifi- 
cation and increased gene expression is not restricted to chro- 
mosome 17. Genome-wide, of 117 high-level DNA amplifica- 
tions (fluorescence ratios >4, and representing 91 different 
genes), 62% (representing 54 different genes; see Table 5, which 
is published as supporting information on the PNAS web site) 
are found associated with at least moderately elevated mRNA 
levels (mean-centered fluorescence ratios >2), and 42% (rep- 
resenting 36 different genes) are found associated with compa- 
rably highly elevated mRNA levels (mean-centered fluorescence 
ratios >4). 

To determine the extent to which DNA deletion and lower- 
level amplification (in addition to high-level amplification) are 
also associated with corresponding alterations in mRNA levels, 
we performed three separate analyses on the complete data set 
(4 cell lines and 37 tumors, across 6,095 genes). First, we 
determined the average mRNA levels for each of five classes 
of genes, representing DNA deletion, no change, and low-, 
medium-, and high-level amplification (Fig. 4a). For both the 



breast cancer cell lines and tumors, average mRNA levels 
tracked with DNA copy number across all five classes, in a 
statistically significant fashion (P values for pair-wise Student's . 
i tests comparing adjacent classes: cell lines, 4 x 10"*', 1 x 10 -49 , 
5 x 10- J , 1 x 10- £ , tumors, 1 x lO" 43 , 1 x lO"* 4 , 5 x 10-". 
1 X 10~ 4 ). A linear regression of the average log(DNA copy 
number), for each class, against average log(mRNA level) 
demonstrated that on average, a 2-fold change in DNA copy 
number was accompanied by 1.4- and 1.5-fold changes in mRNA ■ 
level for the breast cancer cell lines and tumors, respectively (Fig. 
4a, regression line not shown). Second, we characterized the 
distribution of the 6,095 correlations between DNA copy num- 
ber and mRNA level, each across the 37 tumor samples (Fig. 4b). 
The distribution of correlations forms a normal-shaped curve, 
but with the peak markedly shifted in the positive direction from 
zero. This shift is statistically significant, as evidenced in a plot 
of observed vs. expected correlations (Fig. 4c), and reflects a 
pervasive global influence of DNA copy number alterations on 
gene expression. Notably, the highest correlations between DNA 
copy number and mRNA level (the right tail of the distribution 
in Fig. 46) comprise both amplified and deleted genes (data not 
shown). Third, we used a linear regression model to estimate the 
fraction of all variation measured in mRNA levels among the 37 
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Ftg. 4. Genome-wide Influence erf ONA copy number alterations on mRNA levels, (a) For breast cancer cell lines' (gray) and tumor samples (black), both 
mean-centered mRNA fluorescence ratio (logj scale) quartiles (box plats indicate 25th, 50th, and 75th percentile) and averages (diamonds; V-value error bars 
indicate standard errors of the mean) are plotted for each of five dasses of genes, representing DNA deletion (tumor/normal ratio < 0.8). no change (0.8-1.2). 
low- (1 .2-2). medium- (2-4). and high-level (>4) amplification. P values for pair-wise Student's t tests, comparing averages between adjacent dasses (moving 
lefttoright). are4 x 10-", 1 x 10- 4 », S X lO"' 1 x to -2 (cell lines), and 1 x l0-«». 1 x 10" J, \ 5 x 10" 4 ', 1 X 10- 4 <tumors). (b) Distribution of correlations between 
ONA copy number and mRNA levels, for 6.095 different human genes across 37 breast tumor samples, (e) Plot of observed versus expected correlation coefficients. 
Trie expected values were obtained by randomization of the sample labels in the DNA copy number data set. The line of unity is indicated. (cQ Percent variance 
in gene expression (among tumors) directly explained by variation in gene copy number. Percent variance explained (black line) and fraction of data retained 
(gray line) are plotted for different fluorescence intensity/background (a rough surrogate for signal/noise) cutoff values. Fraction of data retained is relative 
to the 1.2 Intensity/background cutoff. Oetalb of the linear regression model used to estimate the fraction of variation in gene expression attributable to 
underlying DNA copy number alteration can be found in the supporting information (see Estimating the Friction of Variation In Gent Express/on Attributable 
to Underlying DNA Copy Number Alteration). 



tumors that could be attributed to underlying variation in DNA 
copy number. From this analysis, we estimate that, overall, about 
7% of all of the observed variation in mRNA levels can be 
explained directly by variation in copy number of the altered 
genes (Fig. 4cf). We can reduce the effects of experimental 
measurement error on this estimate by using only that fraction 
of the data most reliably measured (fluorescence intensity/ 
background >3); using that data, our estimate of the percent 
variation in mRNA levels directly attributed to variation in gene 
copy number increases to 12% (Fig. 4cf). This still undoubtedly 
represents a significant underestimate, as the observed variation 
in global gene expression is affected not only by true variation in 
the expression programs of the tumor cells themselves, but also 
by the variable presence of non-tumor cell types within clinical 
samples. 

Discussion 

This genome-wide, array CGH analysis of DNA copy number 
alteration in a series of human breast tumors demonstrates the 
usefulness of defining amplicon boundaries at high resolution 
(gene-by-gene), and quantitatively measuring amplicon shape, to 
assist in locating and identifying candidate oncogenes. By ana- 
lyzing mRNA levels in parallel, we have also discovered that 
changes in DNA copy number have a large, pervasive, direct 
effect on global gene expression patterns in both breast cancer 



cell lines and tumors. Although the DNA microarrays used in our 
analysis may display a bias toward characterized and/or highly 
expressed genes, because we are examining such a large fraction 
of the genome (approximately 20% of all human genes), and 
because, as detailed above, we are likely underestimating the 
contribution of DNA copy number changes to altered gene 
expression, we believe our findings are likely to be general izable 
(but would nevertheless still be remarkable if only applicable to 
this set of -6,100 genes). 

In budding yeast, aneuploidy has been shown to result in 
chromosome-wide gene expression biases (13). Two recent 
studies have begun to examine the global relationship between 
DNA copy number and gene expression in cancer cells. In 
agreement with our findings, Phillips et aL (14) have shown that 
with the acquisition of tumorigenicity in an immortalized pros- 
tate epithelial cell line, new chromosomal gains and losses 
resulted in a statistically significant respective increase and 
decrease in the average expression level of involved genes. In 
contrast, Platzer et at (IS) recently reported that in metastatic 
colon tumors only ~4% of genes within amplified regions were 
found more highly (>2-fold) expressed, when compared with 
normal colonic epithelium. This report differs substantially from 
our finding that 62% of highly amplified genes in breast cancer 
exhibit at least 2-fold increased expression. These contrasting 
findings may reflect methodological differences between the 
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studies. For example, the study of Platzer et al. (15) may have 
systematically under-measured gene expression changes. In this 
regard it is remarkable that only 14 transcripts of many thousand 
residing within unamplified chromosomal regions were found to 
exhibit at least 4-fold altered expression in metastatic colon 
cancer. Additionally, their reliance on lower-resolution chromo- 
somal CGH may have resulted in poorly delimiting the bound- 
aries of high-complexity amplicons, effectively overcalling re- 
gions with amplification. Alternatively, the contrasting findings 
for amplified genes may represent real biological differences 
between breast and metastatic colon tumors; resolution of this 
issue will require further studies. 

Our finding that widespread DNA copy number alteration has 
a large, pervasive and direct effect on global gene expression 
patterns in breast cancer has several important implications. 
First, this finding supports a high degree of copy number- 
dependent gene expression in tumors. Second, it suggests that 
most genes are not subject to specific autoregulation or dosage 
compensation. Third, this finding cautions that elevated expres- 
sion of an amplified gene cannot alone be considered strong 
independent evidence of a candidate oncogene's role in tumor- 
igenesis. In our study, fully 62% of highly amplified genes 
demonstrated moderately or highly elevated expression. This 
highlights the importance of high-resolution mapping of ampli- 
con boundaries and shape [to identify the "driving" gene(s) 
within amplicons (16)], on a large number of samples, in addition 
to functional studies. Fourth, this finding suggests that analyzing 
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the genomic distribution of expressed genes, even within existing 
microarray gene expression data sets, may permit the inference 
of DNA copy number aberration, particularly aneuploidy (where 
gene expression can be averaged across large chromosomal 
regions; see Fig. 3 and supporting information). Fifth, this 
finding implies that a substantial portion of the phenotypic 
uniqueness (and by extension, the heterogeneity in clinical 
behavior) among patients' tumors may be traceable to underly- 
ing variation in DNA copy number. Sixth, this finding supports 
a possible role for widespread DNA copy number alteration in 
tumorigenesis (17, 18), beyond the amplification of specific 
oncogenes and deletion of specific tumor suppressor genes. 
Widespread DNA copy number alteration, and the concomitant 
widespread imbalance in gene expression, might disrupt critical 
stochiometric relationships in cell metabolism and physiology 
(e.g., proteosome, mitotic spindle), possibly promoting further 
chromosomal instability and directly contributing to tumor 
development or progression. Finally, our findings suggest the 
possibility of cancer therapies that exploit specific or global 
imbalances in gene expression in cancer. 
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Each year, over 182,000 women in the United States are 
diagnosed with breast cancer, and approximately 45,000 die 
of the disease. 1 Incidence appears to be increasing in the 
United States at a rate of roughly 2% per year. The reasons 
for the increase are unclear, but non-genetic risk factors appear 
to play a large role. 2 

Five-year survival rates range from approximately 65%- 
85%, depending on demographic group, with a significant 
percentage of women experiencing recurrence of their cancer 
within 10 years of diagnosis. One of the factors most predic- 
tive for recurrence once a diagnosis of breast cancer has been 
made is the number of axillary lymph nodes to which tumor 
has metastasized. Most node-positive women are given adju- 
vant therapy, which increases their survival. However, 20%- 
30% of patients without axillary node involvement also 
develop recurrent disease, and the difficulty lies in how to iden- 
tify this high-risk subset of patients. These patients could 
benefit from increased surveillance, early intervention, and 
treatment. 

Prognostic markers currently used in breast cancer recur- 
rence prediction include tumor size, histological grade, steroid 
hormone receptor status, DNA ploidy, proliferative index, and 
cathepsin D status. Expression of growth factor receptors and 
over-expression of the HER-2/neu oncogene have also been 
identified as having value regarding treatment regimen and 
prognosis. 

HER-2/neu (also known as c-erbB2) is an oncogene that 
encodes a transmembrane glycoprotein that is homologous 
to, but distinct from, the epidermal growth factor receptor. 
Numerous studies have indicated that high levels of expres- 
sion of this protein are associated with rapid tumor growth, 
certain forms of therapy resistance, and shorter disease-free 
survival. The gene has been shown to be amplified and/or 
overexpressed in 1 0%-30% of invasive breast cancers and in 
40%-60% of intraductal breast carcinoma. 3 

There are two distinct FDA-approved methods by which 
HER-2/neu status can be evaluated: immunohistochemistry 
(IHC, HercepTest™) and FISH (fluorescent in situ hybridiza- 
tion, PathVysion™ Kit). Both methods can be performed on 
archived and current specimens. The first method allows visual 
assessment of the amount of HER-2/neu protein present on 
the cell membrane. The latter method allows direct quantifi- 
cation of the level of gene amplification present in the tumor, 
enabling differentiation between low- versus high-amplifica- 
tidh. At least one study has demonstrated a difference in 



recurrence risk in women younger than 40 years of age for 
low- versus high-amplified tumors (54.5% compared to 
85.7%); this is compared to a recurrence rate of 16.7% for 
patients with no HER-2/neu gene amplification. 4 HER-2/neu 
status may be particularly important to establish in women with 
small (< 1 cm) tumor size. 

The choice of methodology for determination of HER-2/ 
neu status depends in part on the clinical setting. FDA approval 
for the Vysis FISH test was granted based on clinical trials 
involving 1 549 node-positive patients. Patients received one 
of three different treatments consisting of different doses of 
cyclophosphamide, Adriamycin, and 5-fluorouracil (CAF). 
The study showed that patients with amplified HER-2/neu 
benefited from treatment with higher doses of adriamycin- 
based therapy, while those with normal HER-2/neu levels did 
not. The study therefore identified a sub-set of women, who 
because they did not benefit from more aggressive treatment, 
did not need to be exposed to the associated side effects. In 
addition, other evidence indicates that HER-2/neu amplifica- 
tion in node-negative patients can be used as an independent 
prognostic indicator for early recurrence, recurrent disease at 
any time and disease-related death. 5 Demonstration of HER- 
2/neu gene amplification by FISH has also been shown to be 
of value in predicting response to chemotherapy in stage-2 
breast cancer patients. 

Selection of patients for Herceptin 0 (Trastuzumab) mono- 
clonal antibody therapy, however, is based upon demonstra- 
tion of HER- 2/neu protein overexpression using HercepTest™. 
Studies using Herceptin 0 in patients with metastatic breast 
cancer show an increase in time to disease progression, 
increased response rate to chemotherapeutic agents and a small 
increase in overall survival rate. The FISH assays have not yet 
been approved for this purpose, and studies looking at response 
to Herceptin 0 in patients with or without gene amplification 
status determined by FISH are in progress. 

In general, FISH and IHC results correlate well. However, 
subsets of tumors are found which show discordant results; 
i.e., protein overexpression without gene amplification or lack 
of protein overexpression with gene amplification. The clini- 
cal significance of such results is unclear. Based on the above 
considerations, HER-2/neu testing at SHMC/PAML will uti- 
lize immunohistochemistry (HercepTest 0 ) as a screen, fol- 
lowed by FISH in IHC-negative cases. Alternatively, either 
method may be ordered individually depending on the clini- 
cal setting or clinician preference. 
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CPT code information 

HER-2/neu via IHC 

88342 (including interpretive report) 

HER-2/neu via FISH 

88271 *2 Molecular cytogenetics, DNA probe, each 
88274 Molecular cytogenetics, interphase in situ hybrid- 
ization, analyze 25-99 cells 
88291 Cytogenetics and molecular cytogenetics, interpre- 
tation and report 



Procedural Information 

Immunohistochemistry is performed using the FDA-approved 
DAKO antibody kit, Herceptcst©. The DAKO kit contains 
reagents required to complete a two-step immunohisto- 
chemical staining procedure for.routinely processed, paraffin- 
embedded specimens. Following incubation with the primary 
rabbit antibody to human HER-2/neu protein, the kit employs 
a ready-to-use dextran-based visualization reagent. This re- 
agent consists of both secondary goat anti-rabbit antibody 
molecules with horseradish peroxidase molecules linked to a 
common dextran polymer backbone, thus eliminating the need 
for sequential application of link antibody and peroxidase 
conjugated antibody. Enzymatic conversion of the subse- 
quently added chromogen results in formation of visible 
reaction product at the antigen site, the specimen is then coun- 
terstained; a pathologist using light-microscopy interprets 
results. 

FISH analysis at SHMC/PAML is performed using the 
FDA-approved PathVysion™ HER-2/neu DNA probe kit, pro- 
duced by Vysis, Inc. Formalin fixed, paraffin-embedded breast 
tissue is processed using routine histological methods, and then 
slides are treated to allow hybridization of DNA probes to the 
nuclei present in the tissue section. The Pathvysion™ kit con- 
tains two direct-labeled DNA probes, one specific for the 
alphoid repetitive DNA (CEP 17, spectrum orange) present at 
the chromosome 17 centromere and the second for the HER- 
2/neu oncogene located at 17ql 1.2-12 (spectrum green). Enu- 
meration of the probes allows a ratio of the number of copies 
of chromosome 17 to the number of copies of HER-2/neu to 
be obtained; this enables quantification of low versus high 
amplification levels, and allows an estimate of the percentage 
of cells with HER-2/neu gene amplification. The clinically 
relevant distinction is whether the gene amplification is due 
to increased gene copy number on the two chromosome 17 
homologues normally present or an increase in the number of 
chromosome 17s in the cells. In the majority of cases, ratio 
equivalents less than 2.0 are indicative of a normal/negative 
result, ratios of 2.1 and over indicate that amplification is 
present and to what degree. Interpretation of this data will be 
performed and reported from the Vysis-certified Cytogenet- 
ics laboratory at SHMC. 
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H^h-throughput technologies, such as proteomic screening and DMA mtero-arrays. produce vast 

amounts of data requ.nng comprehensive analytical methods to decipher the 

resul£ One approach would be to manually search the biomedical literature; ZwTws^Z 

comparing breast cancer and normal breast tissue in the context or existing luiowledgeVte ftSSS 
correction between the strength or the literature association and the rrJ^tudT^X™^ ■ 
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InircducUea 

At Its current pace, the accumulation orbtomedlcal literature 
outpaces the ability or most researchers and clinicians to stay 
abreast of their own Immediate fields, let atone cover a broader 
range of topics. For example, to follow a single disease. e.g. 
breast cancer, a researcher would have had to scan 130 different 
Journals and read 27 papers per day In I9M.I This problem Is 
accentuated with high- throughput technologies such as DNA 
micro-arrays and proteomlcs. which require the analysis or 
large datasets Involving thousands ofgenes, many of which are 
unfamiliar to a particular researcher. In any mieroarray experi- 
ment, thousands of genes may demonstrate statistically sig- 
nificant expression changes, but only a fraction of these may 
be relevant to the study. The ability to Interpret these datasets 
would be enhanced If they could be compared to a compre- 
hensive summary of what Is known about all genes. Thus, there 
Is a need to summarize existing knowledge In a format that 
allows for the rapid analysis of associations between genes and 
diseases or other specific biological concepts. 

One solution to this problem is to compile structured digital 
resources, such as the Breast Cancer Cene Database 1 and the 
Tumor Cene Database. 1 However, as these resources are hand- 
curated, the labor-intensive review process becomes a rate- 
limiting step In the growth of the database. As a result, these 

• To whom com^pondaicc should be addressed: jhbao«himii 9 vardnfa. 
10.imVj>mM022? CCC \Xm j, noj Arerfcan Chemical Soduy 



In a systematic fashion. 

An alternative approach Is automated text mining; a method 
which Involves automated Information extraction by searchlra 
documents for text strings and analyzing their frequency and 
context This approach has been use d LcessfuHy 1 In several 
Instances for biological applications. In most cases. It has been 
applied to extract Information about the relationships or 
nteractlons that proteins or genes have with one another. In 
the literature or by functional annotatloa'-' Thus far few 
publication have applied text-mining to examine the global 
relationships between genes and diseases. Perez-Iratxeta « al. 
automatical examined .he CO (Cene Ontology) annotation 
or genes and their predicted chromosomal locations In order 
to Identify genes linked to Inherited disorders .» 

To obtain a mora global understanding of disease develop, 
merit. It would be valuable to Incorporate Information regarding 

n rS B r^ ,SeaSe r !,a,,0nSh,pS - '^'ngblcSlcaT 
r^rystologlcaL pharmacological, epidemiological, a, well as 
genetic This Information would enable comprehensive com- 
parisons between large experimental datasets and existing 
knowledge In the literature, This would accomplish two thing* 
Rrst. it would serve to validate experiments by demonstrating 
« ° ma 85 Predicted. Second. It would 

rapidly Mghllght which genes are corroborated by the literature 
and which genes are novel In a given context We have utilized 
a computational approach to literature mining to produce a 
Jojma) or Pr»*«on» feetaarcn XOl I 40S-4U 403 
PuMthsd on Web 06/1 WOOJ 
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comprehensive sec of gene-disease relationships. In addition, 
we have developed a novel approach to assess the strength or 
each association based on the frequency or citation and co- 
cltattoft We applied this tool to help Interpret the data from a 
large micro-array gene expression experiment comparing 
normal and cancerous breast tissue- 



Methods 

MedCene Database. MedCene Is a relational database, stor- 
ing disease and gene Information from NCBI. text mining re- 
sults, statistical scores, and hyperlinks to the primary lit- 
erature. MedGene has a web-based user interface Tor users to 
query the database (http://hlu»eq.rned.haivard*dii/MedCeneO. 

Text Mining Algorithms. MeSH files were downloaded from 
the McSH web site at NLM (Nation library of Medicine) (http:// 
www.nlm.nlh.gov/mesh/meshhomehtmD and human disease 
categories were selected LocusLlnk files were downloaded from 
the LocusLlnk web site at NCBI (http://www.ncbl.nlh.gov/ 
LocusLlnk/). Orncial/preferred gene symbol, official/preferred 
gene name, and gene alternative symbols and names, all 
relevant annotations and URLs for each LocusLlnk record, were 
collected. Cene search terms were used for literature searching 
and Included all qualified gene names, gene symbols, and gene 
family terms. Primary gene keys, predominantly qualified gene 
family terms and gene official/preferred symbols, were used 
to Index Medline records. If the official/preferred gene symbols 
did not meet the standards to be an Index, then qualified gene 
official/preferred names were used. A local copy of Medline 
records (up to July. 2002) was pre-selected. 

A JAVA module examined the MeSH terms and then Indexed 
each Medline record with the appropriate disease terms. A 
separate JAVA module was used to examine the titles and 
abstracts for gene search terms and then to Index the gene- 
related Medline records with the relevant primary gene keyfs). 

Statistical Methods. For every gene and disease pair we 
counted records that were Indexed for both gene and disease 
(double positive Wis), for disease only (disease single hits) for 
gene only (gene single hits), and for neither gene nor disease 
(double negative hits) to generate a 2 x 2 contingency table. 
On the baste or the contingency table- framework, we applied 
different statistical methods to estimate the strength of gene- 
disease relationships and evaluated the results. These methods 
included chl-square analysis. Fisher's exact probabilities rela- 
tive risk of gene, and relative risk or disease" (hit,*// 

.hf^^ T? 6 ""^ 06 "^' ,n add "'°n. we computed 
the product or frequency', which Is the product of the 
proportion of disease/gene double hits to disease single hits 
and the proportion of disease/gene double hits to gemfslngle 
hits To obtain a normal distribution, we transformed all the 

Z t ? K T ^P* thC rMtUral to 8 arttn '»- We selected the 
log of the product of frequency (LPF) to validate MedCene and 
to use for the analysis with the micro-array data. Spearman 
rank-correlatlon coefficients were used to assess thei taear 
relattonshlp between LPF and mlcro-array few S^Z 
expression level. 

Clonal Analysis. Diseases with at least 50 related genes were 
selected for clustering analysis, and the LPF scores were 
normalized with total score for each disease. Hierarchical 
dusterlng was done with the -Cluster* software and the 
clustering result was visualized using TreeVlewer' (http // 
rana.lbl.gov/ElsenSoftware.htm). 
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Breast Tissue Micro- Arrays. Eighty-nine breast cancer 
samples (79% ER- positive) and 7 normal breast tissue samples 
were selected from the Harvard Breast SPORE frozen tissue 
repository and were representative of the spectrum of histo- 
logical types, grades, and hormone receptor Immunc-pheno- 
rypes of breast cancer. Blotlnylated cRNA. generated from the 
total RNA extracted from the bulk tumor, was hybridized to 
Afrymetrtx U95A ollgo- nucleotide micro-arrays. These micro- 
arrays consist of 12 400 probes, which represent approximately 
9000 genes, Raw expression values were obtained using CENE- 
CHIP software from Afrymetrtx. and then further analyzed using 
the DNA-Chlp Analyzer (dChip) custom software 

Results 

Automated Indexing of Medline Records by Disease and 
Gene. To study the gene-disease associations In the literature, 
we first compiled complete lists for human diseases and human 
genes. To Index all Medline records that were relevant to 
human diseases, the Medical Subject Heading (MeSH) Index 
of Medline records was utilized. MeSH Is a controlled medical 
vocabulary from the National Library of Medicine and consists 
of a set or terms or subject headings that are arranged In both 
an alphabetic and an hierarchical structure. Medline records 
are reviewed manually and MeSH terms are added to each with 
software assistance.*" Twenty-three human disease category 
headings along with all of their child terms (seethe Supporting 
Information. Supplemental Table 1. or visit http^/hlpseq 
med.harvard.edu/MedCene/publlcatlon/s_Table l.ht m n were 
selected from the 2002 MeSH Index creating a list of 4033 
human diseases. 

No Index comparable to the MeSH Index exists for genes 
and thus. It was necessary to apply a string search algorithm 
for gene names or symbols found In Medline text A complete 
list of genes, gene names, gene symbols, and frequently used 

H,"^ tf! """^ from the Lo^nk database at 
NCB1.» » which contains S3 259 Independent records keyed 
by an official gene symbol or name (June 18*. 2002) For the 
purposes or this study, no distinction was made between senes 
and their gene products. Authors often use the same name for 
both, differentiating the two only by the use of Italics, If at all 
WW the Intended use of this study, this lack of distinction Is 
unlikely to have a large effect and may In fact be beneficial. 

Initial attempt* to search the literature using these lists 
^m 6 ?, 4 ^ 1 sources °f fak* positives and false negatives 
(Table 1). False positives primarily arose when the searched 
term had other meanings, whereas raise negatives arose from 
syntax discrepancies necessitating the development of filters 
to reduce these errors. The syntax Issues were readily handled 
by Including alternate syntax forms In the search terms. The 
Take positive cases, caused by duplicative and unrelated 
meanings for the terms, were more difficult to manage Where 
possible, case sensitive string mapping reduced Inappropriate 
citations. In many cases, however, this was not sufficient and 
the terms had to be eliminated entirely, thereby reducing the 
bbeposltlve rale but unavoidably under-representing some 

For the purposes or data tracking, a primary gene key was 
selected to represent all synonyms that correspond to each 
gene. Medline records were Indexed with a primary gene key 
when any synonym for that key was found In the title or 
abstract. Case- insensitive string mapping was used for all 
searches except as noted above No additional weight was 
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Table i. Systematic Sources of False Positive* and False Negatives In Unfihered Data* 
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error type 



gene symbol/name 
Is not unique 



gene symbol b 

unrelated abbreviation 
gene symbol/name 

has language meaning 
nonstandard syntax 
unofficial gene name/symbol 
"unspecified gene name 



false positive 



false positive 

false positive 

false negative 
false negative 
false negative 



eurnpifl 



MAG— myelin 

associated glycoprotein 
W4C— malignancy-associated 
protein 

/Vt— pallid homoJogue (mouse), 

■JH^S". to* 0 ebbm - for Pennsylvania) 
M'ylS-VVlskou-Aldrtch Syndrome 

(also the word 'was') 
BAG-} Instead of aViCI 
PS3 Instead of TP53 
estrogen receptor Instead of 
Estrogen receptor I 



fiber solution 



eliminate thtiterm 



eliminate thb term 

case- sensitive string search 

edd dash term 
add all gene nicknames 
add family stem term 



^"^^tf^ean?^ ^/^"S output *« w^dto htertUy mar sources thu 

error. In general error rates muimtod «^tMry,V»en * the e^e^S^S^ ifnieael N«e that in soma eases, th, fikersolution itself Introduces 

added for multiple occurrences of a term or the co-occurrence 
of multiple synonyms for the same gene key. 

Medline records were searched with all qualified gene 
Identifiers, such as the official/preferred gene symbol, the 
official/preferred gene name, all gene nicknames and all syntax 
variants. In situations where there are several members of a 
gene family or splice variants, some authors prefer to use a 
shortened gene family name, e.g., estrogen receptor Instead of 
estrogen receptor I (ESRI). creating a source or false negatives. 
For this reason, gene family stem terms were created for all 
genes that have an alpha or numerical suffix (eg., IL2MA, TGFP 
ESR1. etc.) and then used to search the literature. The family' 
stem terms were handled separately from the specific gene 
names so that It would be dear when linkages were made to 
the gene family versus a specific member In that family. 

To Improve performance and accuracy, some pre-selectlon 
was applied to the records that were scanned First, review 
articles were eliminated to avoid redundant treatment or 
citations. Second. non-English Journals were removed because 
the natural language filters were only relevant to English 
publications. Finally. Journals unlikely to contain primary data 
about gene-disease relationships were also removed (e.g. Int 
I Health Educ, Bedside Nurse, and / Health Eton). Together' 
2002) b t 37^ dUCed the 12 198 221 MedMne Publications Ouly 
Ranking the Relative Strength, of Gene-Disease Associa- 
tions. In total, there were 618 708 gene-disease co-dtatlons. 
In which 1696 (8297) of all studied genes had been associated 
to a disease and 86% (3875) of all diseases had been associated 
to at least one gene. To rank the relative strengths of gene 
disease relationships, wc tested several different statistical 
methods and examined the results. With the exception of the 
relative risk estimates, the methods pmvided similar results 
with respect to the rank order or the gene-dlsease association 
strength! However, after comparing the results to other 
databases and after consulting disease experts, the log of the 
product of frequency (LPF) was selected for further analysis 
because It gave the best results overall. 

Validation of MedGene. In developing this tool. It was 
important to minimize the number of missed genes (false 
negatives) and miscalled genes (fake positives). However. In 
situations when these goals were In conflict. Inehislveness was 
prioritized. To determine the false negative rate In MedGene 
breast cancer was used as a test case because It was associated 
with more genes than any other human disease and because 




1- EstimaHon of the false negative rate by comparison 
iT.^fTT* The breast cancJ4latedg B n« 

Identified by MedGene were compared with those listed m 
several other database, including uTeTumor GeToSSese 
S ^c^ 35 ' C f. nCer D*ata*,(BCG),< GenaCards 
GO" and Swlssprot" Genes were considered false r^aUves 
If ttoy were represented in at least one of these other databases 
and not In MedGene and their link to breast cancer was sup- 
ported by atteaa one literature reference. All literature reference, 

T.Z^'S * r nUa ' review to conflrm fa* validity. The 
number of genes In each database or shared by more than one 
database is indicated. The false nacatlverata w^Cated £ 
genes missed at MedGene (2e)/totaJ number of nor»overteppir3 
genes In other databases (285). 

there were several public databases that link genes to breast 
cancer. We compared the list or breast cancer-related genes 
from MedGene to these databases. Illustrated In Figure I 
Among the 285 distinct breast cancer-related genes that were 
supported by at least one literature citation In these hand- 
curated databases. 26 were absent from MedCene. suggesting 
afalse negative rate of approximately 3*. To determine why 
*ese were missed, all literature references for these genes (80 
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■ papera) were reviewed manually (see the Supporting Informa- 
tion. Supplemental Tabic 2. or visit httpc//hlpseq.med. 
harvard.edu/MedGene/puWlcatlon/s_Table 2.htmD- Among 
these papers, most false negatives were caused by nonstandard 
gene terms or gene terms eliminated by our specificity filters. 
Few genes were missed because they were only mentioned In 
review papers (0.4%) or they appeared only In the body of the 
manuscript but not the abstract or title (1.1%). Of note. 
MedCene Identified approximately 2000 additional breast 
cancer-related genes not listed In any other database. 

To assess the false positive error rate, two complementary 
approaches were used: a detailed analysis of one disease and 
a global examination of 1000 diseases. The detailed approach 
examined the false positive error rate and Its sources, whereas 
the global approach tested whether the overall results made 
biomedical sense. 

Using the LPF. 1467 genes related to prostate cancer were 
assembled In rank order. We then retrieved approximately 300 
Medline records each for (he highest ranked 100 and the lowest 
ranked 200 genes and manually reviewed the titles and 
abstracts to determine the verity of the association. Nearly 80% 
of the highest ranked 100 genes fell Into one of the Ave 
categories that reflect meaningful gene disease relationships 
(see the Supporting Information, Supplemental Table 3. or visit 

http://hlpseq.med.harvard.edu/MedGene/pubIlcatlon/ 
sjable 3.html). Among the lowest ranked 200 genes, ap- 
proximately 70% reflected true relationships. Of the 600 records 
reviewed, there were only two In which the association between 
the gene and the disease was described as negative. Both were 
genes with very low scores. In both cases, the authors did not 
argue the absence of any relationship, but rather that a 
particular feature of the gone or protein was not shown to be 
related to human prostate cancer. 1 *' 1 * 

The coincidence of some gene symbols with medical ab- 
breviations, chemical abbreviations and biological abbrevia- 
tions resulted In most of the false positives (see the Supporting 
Information. Supplemental Table 4, or visit http://hlpse- 
q.med.harvardedu/MedCene/publlcatlon/s_Table 4.html). em- 
phasizing the Importance of the filters that were added In the 
search algorithm (Table I). Without the filters, the false positive 
rale more than doubled, and the false negative rate rose 
dramatically (data not shown). For example, among the papers 
about breast cancer, there were only 12 Medline records that 
referred to ESM and 10 to ESR2, whereas almost 2000 papers 
mentioned estrogen receptor without specifying ESP I or £5ft?, 
this latter group was detected by the family stem term filler 
To further validate these results, a global analysis of the gene- 
disease relationships described by MedCene was performed 
For this experiment. It was reasoned that the more closely 
related the diseases are to one another, the more they will be 
related to the same gene sets. Thus. If the relationships defined 
by MedCene accurately reflected the literature, then an unsu- 
pervised hierarchical clustering oMhe gene data should group 
diseases In a manner consistent with common medical think- 
ing. Conversely. If the clustered diseases do not make sense 
biologically or medically. It may reflect excessive raise positives, 
false negatives, or Inappropriate scoring or the data. 

To execute this experiment, the gene sets and the corre- 
sponding LPF values for 1000 randomly selected diseases (each 
with at least 50 gene relationships) were used as a dataset for 
clustering the diseases. A review of the results showed that the 
resulting disease clusters were indeed logical based upon 
common medical knowledge (see the Supporting Information, 
408 Journal of Proteone Ranurcfi • Vol 2, No. < MOJ 
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Supplemental Figure I , or visit http7/hlpseq.med.harvard.edu/ 
MedCene/pubUcatlon/sJflgure I. html)- For example. In one 
such cluster shown In Figure 2, diabetes and Its complications 
grouped together and were also closely linked to diseases 
associated with starvation states. 

The number of genes associated with a given disease can 
be estimated by adjusting the MedCene number up by the false 
negative rate (-0%) and down by the fake positive rate (-26% 
on average). Using this, the average disease has 103.7 ± 45.3 
(mean ± s.d.) genes associated with It, although the range Is 
quite broad with 2359 genes related to breast cancer. 2122 
genes related to hing cancer and no genes related to a number 
of diseases. 

Applying MedCene to the Analysis or Large Datasets. Access 
to a comprehensive summary of the genes linked to human 
diseases provided an opportunity to analyze data obtained from 
a high-throughput experiment. We compared the MedCene 
breast cancer gene list to a gene expression data set generated 
from a micro-array analysis comparing breast cancer and 
normal breast tissue samples. Micro-array analysis Identified 
2286 genes that had greater than a 1-fold difference In mean 
expression level between breast cancer samples and normal 
breast samples. Using MedCene, we sorted the 2286 genes Into 
four classes: 555 genes directly linked to breast cancer In the 
literature by gene term search (first-degree association by gene 
name); 328 genes directly linked by family term search (first- 
degree association by family term): 1021 genes linked to breast 
cancer only through other breast cancer genes (second-degree 
association); and 505 genes not previously associated with 
breast cancer. (See the Supporting Information. Supplemental 
Figure 2. or visit http://hlpseq.med.harvard.edu/MedCene/ 
publlcatk>n/s_Flgure 2.htmL) Among the 505 previously un- 
related genes. 467 were either newly Identified genes or genes 
that had not previously been associated with any disease 
Among the remaining 38 genes. B had been related to other 
cancers. specifically esophageal colon, uterine, skin, and cervix. 

To determine whether the genes highlighted by the mlcro- 
array analysis were more likely to have been previously linked 
to breast cancer in the literature, we created a two-dimensional 
plot of the fold change of expression level between breast 
cancer and normal tissue versus the literature score (LPF) 
(Figure 3A). There was a broad spread of expression changes 
among the genes directly linked to breast cancer ranging from 
less than 1-foW change (68%) to over 40-fold (0.3%). Notably 
the majority of genes with greater than 10-fold expression 
changes were linked to breast cancer by first-degree associa- 
tion. 

Among all 754 genes directly linked to breast cancer In the 
literature, there was no correlation between LPF and mlcro- 
erray fold change (r - 0.018. p-value - 0.62). However, when 
we stratified the analysis based on the magnitude of the fold 
change, we observed an Increasing trend In correlation (Figure 
3H) suggesting that genes with a more substantial change In 
expression level were more likely to have a stronger association 
In the literature. For genes that had 1 O fold change or more In 
expression level, the correlation increased to 0.41 (p- value «= 
0,05), 

When we evaluated the micro-array data separately for ER 
positive and ER negative tumors, the trend In correlation 
between fold change and literature score was highly dependent 
on estrogen receptor status. Interestingly, there was a similar 
trend in correlation for ER positive tumors, but no trend In 
correlation for ER negative tumors. 
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Figure z. Global vacation by clustering analysis. 2(A). Tha gene sets and the corresponding LPF values for 1000 diseases, each with 
at least 50 gene relationships, were used in an unsupervised clustering of the diseases based on insane Zn^^!! 
them. A "mpjeof tha d.* Is shown here. 2<B>. One of me renting dusters is shown^t ccZ^S £™oo^Z s^et ottTlS 
terms (above the line) and starvaUon states terms (under the Una) clustered together. Within thawarouos ^reTalso dueuWaf 



Finally, to validate our findings, we computed similar cor- 
relations between the breast cancer expression data and 
LPF scores generated by MedCene for hypertension, a 



disease unrelated to breast cancer. As expected, we did riot 
observe an Increasing trend In correlation for hyperten- 
sion. 
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Discussion 

The Human Genome Project heralded a new era In biological 
•research where the emphasis on understanding specific path- 
ways has expanded to global studies of genomic organization 
and biological systems. HlgtMhroughput technologies can 
provide novel Insight Into comprehensive biological Junction 
but also introduces new challenges. The utility of these 
technologies is limited to the ability to generate, analyze, and 
Interpret large gene lists. MedGene. a relational database 
derived by mining the Information In Medline, was created to 
address this need. MedGene users can query for a rank-ordered 
list of human gene-disease relationships (Table 2) for one or 
more diseases. Each entry Is hyper linked to the original papers 
supporting each association and to other relevant databases. 

MedGene Is an Innovative extension of previous text mining 
approaches. Perez-lratxeta et al. used the CO annotation and 
their chromosomal locations to predict genes that may con- 
tribute to inherited disorders. 1 MedGene takes a broader view 
and Includes all diseases and all possible gene-disease relation- 
ships. Furthermore, MedCcne utilizes co- citation to indicate a 
relationship rather than CO annotation, which Is limited to the 
subset of genes that have GO annotation. Our approach Is 
complementary to that taken by Chaussabel and Sher, who 
used the frequency of co-cltcd terms to cluster genes into a 
hierarchy of gene-gene relationships.* 

A unique aspect of this tool Is the ability to assess the relative 
strengths of gene-disease relationships based on the frequency 
of both cc-cltatlon and single citation. This presupposes that 
most co-cltatlons describe a positive association, often referred 
to as publication bias 19 and Is supported by our observations 



that negative associations are rare (Supplemental Table 3: 
http://hlpseq.med.harvard.edu/MedGene/publlcatlon/5 Ta- 
ble 3 htm0. Of course, relationships established by frequency 
of co-cltatlon do not necessarily represent a true biological link; 
however, it is strong evidence to support a true relationship. 

Another Important feature of MedGene Is the Implementa- 
tion of software filters that substantially reduced the error rate. 
We estimate that less than 10% ofaU associations were missed 
and at least 70% of even the weakest associations were real. 
For this study, all of the filters that we applied were general ' 
ones, e.g„ expending the list of all gene names to address the 
different syntax forms used by different Journals, eliminating 
gene names that correspond to common English words, etc 
The majority of the remaining search term ambiguities were 
Idiosyncratic and difficult to Identify systematically without 
causing a significant rise In false negatives. Alternative ap- 
proaches, such as the examination of the nearest neighbor 
terms, need to be considered to further reduce the false positive 
rate. 

It is not uncommon to see expression changes In micro- 
array experiments as small as 2-fold reported In the literature. 
Even when these expression changes are statistically significant, 
it Is not always clear if they are biologically meaningful. When 
comparing expression levels of disease to normal tissue, one 
expects an enrichment of known disease-related genes to 
appear In the altered expression group. MedCene provided a 
unique opportunity to test this notion In the context or existing 
knowledge on a novel breast cancer micro-array dataset For 
genes displaying a 5-fold change or less In tumors compared 
to normal, there was no evidence of a correlation between 
altered gene expression and a known role In the diseases. This 
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Table 1. MedCcno Identified a set of relatively uretmtijdted. yet highly 
eipressad genet in ER negative, but not ER positive breast tumors, AU of 
tliese gcnos have either never been co-died with breast cancer or liave a 
weak association except those marked with an \ 

reflects the many genes whose role In breast cancer may not 
Involve large changes In expression In sporadic tumors (eg., 
URCAl and BRCA2) and genes whose modest changes In 
expression may be unrelated to the disease. Strikingly, among 
genes with a 10-fold change or more In expression level, there 
was a strong and significant correlation between expression 
level and a published role In the disease, providing the first 
global validation or the micro-array approach to Identifying 
dlsease-speclflc genes. 

The results derived from MedCenc have two Implications. 
First, a careful hunt for corroborating evidence of a role In 
breast cancer should precede any further study of genes with 
less than 5-fold expression level changes. Second, any genes 
with 10- fold changes or more arc likely to be related to breast 
cancer and warrant attention. It Is likely that this threshold will 
change depending on the disease as weB as the experiment. 

Interestingly, the observed correlation was only found among 
ER-posltlve tumors, not ER-negative. This may reflect a bias 
In the literature to study the more prevalent type of tumor In 
the population. Furthermore, this emphasizes that caution 
must be taken when Interpreting experiments that may contain 
subpopulatlons that behave very differently. The MedCene 
approach Identified a set of relatively understudied, yet highly 
expressed genes In ER-negative tumors that are worthy of 
further examination (Table 3). 
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In conclusion, we have developed an automated method or 
summarizing and organizing the vast biomedical literature. To 
our knowledge, «he resulting database Is the most comprehen- 
sive and accurate of Its kind. By generating a score that reflects 
the strength of the association, u provides an Important tool 
for the rapid and flexible analysis of large datasets from various 
high-throughput screening experiments. Furthermore, It can 
be used for selecting subsets of genes for functional studies, 
for building disease-specific arrays, for looking at genes com- 
mon to multiple diseases and various other high- throughput 
applications. In the future. It will be possible to enhance the 
utility of the MedCene database by building links between 
genes and other MeSH terms as well as other biological 
processes and concepts, such as cell division and responses to 
small molecules. 
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An increased high-mobility group A2 expression level is associated i 
with malignant phenotype in pancreatic exocrine tissue 
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The altered form of the high-mobility group A2 (HNGA2) gene is somehow related to the generation of human benign and 
malignant 'tumours of mesenchymal origin. However, only a few data on the expression of HMGA2 in malignant tumour originating 
from epithelial tissue are available. In this study, we examined the HMGA2 expression level in pancreatic carcinoma, and investigated 
whether alterations in the HMGA2 expression level are associated with a malignanL phenoiype in pancreatic tissue. High-mobility 
group A2 mRNA and protein expression was determined in eight surgically resected specimens of non-neoplastic tissue (six 
specimens of normal pancreatic tissue and iwo of chronic pancreatitis tissue) and 27 pancreatic carcinomas by highly sensitive reverse 
transcriptase-polymerase chain reaction (RT-PCR) techniques and immunohistochemical staining, respectively. Reverse 
transcriptase-polymerase chain reaction analysis revealed the expression of the HMGA2 gene in non-neoplastic pancreatic tissue, 
although its expression level was significantly lower than that in carcinoma. Immunohistochemical analysis indicated that the presence 
of the HMGA2 gene in non-neoplastic pancreatic tissue observed in UT-PCR reflects its abundant expression in islet cells, together 
with its focal expression in duct epithelial cells. Intense and multifocal or diffuse HMGA2 immunoreactiv'rty was noted in all the 
pancreatic carcinoma examined. A strong correlation between HMGA2 overexpression and the diagnosis of carcinoma was 
statistically verified. Based on these findings, we propose that an increased expression level of the HMGA2 protein is closely 
associated with the malignanL phenoiype in the pancreatic exocrine system, and accordingly, HMGA2 could serve as a potential 
diagnostic molecular marker for distinguishing pancreatic malignant cells from non-neoplastic pancreatic exocrine cells. 
British Journal of Cancer (2003) 89, 2 1 04 - 2 1 09. doi: 1 0. 1 038/sj.bjc.660 1391 www.bjcancer.com 
©2003 Cancer Research UK 
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The high-mobility group A (HMGA) family of proteins in 
mammals is composed of four proteins: HMGAla, HMGAlb, 
HMGAlc, and HMGA2. The former three proteins arc encoded by 
a single functional gene, that is, HMGA1 (formerly HMGT(Y)), 
while the last one is a product of a separate gene, that is, HMGA2 
(formerly HMGI-C) (Manfioletti et al, 1991; Johnson et al, 1998). 
High-mobility group A2 has an approximately 50% amino-acid 
sequence homology with HMGA1, and features an internal 11 
arnino-acid deletion that characterises HMGA1 (Manfioletti et al, 
1991; Tallin; and Dal Cin, 1999). High-mobility group A2 proteins 
bind to the minor groove of AT-rich DNA sequences, thereby 
inducing a bend within the DNA (Thanos and Maniatis, 1992). 
They cannot initiate transcription, but they can enhance promo tor 
binding of transcription factors (Thanos and Maniatis, 1992; 
Grosschedl et al, 1994; Mantovani et ah 1998). 

High-mobility group A2 has been shown to be expressed 
abundandy during embryogenesis, but ii$ expression is either 
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undetectable or remains at low levels in other normal adult tissues 
(Manfioletti et al, 1991; Zhou et al, 1995; Rogalla et al, 1996; 
Rommel et al, 1997; Hirning-Foh el al, 1998), Suggesting thai 
HMGA2 plays an important role (or roles) in cell proliferation anil/ 
or differentiation. Consistent with this, it has been demonstrated 
that HMGA proteins arc phosphorylated in a cell-cycle-dependent 
manner (Reeves et al, 1991). Functionally, knocking out the 
HMGA2 gene in mice leads to the pygmy phenotype with 
characteristic hypoplasia of mesenchymal tissue, thereby confirm- 
ing the important role(s) of HMGA2 in mammalian growth and 
development (Zhou et al, 1995). 

The altered form of the HMGA2 gene, on the other hand, could 
somehow be related to the generation of human benign and 
malignant tumours. Rearrangements of the HMGA2 gene, for 
example, have been frequently observed in benign tumours of 
mesenchymal origin (Ashar etal, I995;Schocnmarkersef al, I99S). 
In such cases, the gene rearrangements were the consequence of 
chromosomal translocation involving regions 12ql3-15, where the 
HMGA2 gene is located. The HMGA2 modifications consist of the 
loss of the carboxyl-terminal tail and its fusion with ectopic 
sequences (Ashar et at, 1995; Schoenmaxkers et al, 1995). The 
truncation of IIMGA2, rather than its fusion wilh other genes, has 
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also been shown to be responsible for cell transformation (Fedele 
et al, 1998). This was confirmed in transgenic mice carrying a 
truncated HMGA2, which developed a giant phenotype together 
widi a marked expansion of the retroperitoneal and subcutaneous 
white adipose tissues (Battista et al, 1999; Arlotta et al, 2000). 
Interestingly, most of these tumours related to the alteration in 
HMGA2 are of nonepithelial origin. In contrast, only a few data on 
the expression of HMGA2 in human malignant tumour originating 
from epithelial tissue are available (Rogalla er al, 1997). The 
overexpression of HMGA2 nvRNA has been shown to be closely 
associated with high histologic grade in breast cancer (Rogalla et at 
1997), suggesting that the expression level of the HMGA2 protein/ 
gene could be a potential dinicopathological marker with 
prognostic implications for a wide range of cancers. To test this 
possibility, we examined the HMGA2 expression in pancreatic 
cancers in the present study, and investigated whether alterations 
in HMCA2 are associated with the malignant phenoiypc of 
tumours in pancreatic tissue. To this end, HMGA2 mRNA 
expression was first analysed by highly sensitive reverse tran- 
scriptase-polymerase chain reaction (RT-PCR) techniques. Ira- 
munohistochemical detection of RMGA2 protein using a specific 
antibody was also attempted. Although relatively simple and easy 
to perform, immunohistochemisiry is a potential method of 
examining whether the expression of a certain protein is specific 
to tumour cells, because it allows precise correlation of the protein 
expression with the phenotype of the cells on individual cell basis 
(Abe et al, 2000). In this sense, immunohistochernistry can provide 
more useful information than other assays by which proteins and/ 
or mRNAs arc extracted from tumours; possibly including a 
mixture of proteins from normal and irrelevant cells such as acinar 
cells or islet cells of (he pancreas in the analysis (Abe et al, 2000). 
Based on the above considerations, we determined HMGA2 
protein expression immunoliistochcrnieally on surgically resected 
specimens, normal pancreatic tissue, chronic pancreatitis tissue, 
and carcinomas of the pancreas. 



MATERIALS AND METHODS 
Tissue samples 

The tissue samples were obtained at the time of surgery at the First 
Department of Surgery, Kyorin University Hospital, between 
October 1996 and August 2001. Specimens from 27 pancreatic 
carcinomas (20 primary carcinomas, four liver metastases, two 
peritoneal metastases, and one lymph node metastasis) and eight 
non-ncoplastic tissues (six normal pancreatic and two chronic 
pancreatitis tissues) were obtained. In all, 27 carcinomas were 
histologically diagnosed as 12 well-differentiated tubular adeno- 
carcinomas, six moderately differentiated tubular adenocarcino- 
mas, seven poorly differentiated tubular adenocarcinomas, and 
two adenosquamous carcinomas (they were evaluated histologi- 
cally according to the criteria of the Japan Pancreas Society). 
Normal pancreatic tissues were obtained from either patients who 
have undergone pancreatectomy due to pancreatic neoplasms or 
those with gastric cancer who have undergone pancreatectomy for 
lymph node dissection. In either case, specimens were obtained 
from a macroscopically healthy region distinct from the neoplastic 
lesion. All patients gave their informed consent prior to their 
inclusion in the study. Among the samples, those from 17 
pancreatic carcinomas and six non-neoplastic pancreatic tissues 
were frozen on dry ice immediately after surgical resection for 
molecular investigation (RT-PCR), and stored at -80°C until use. 
All the tissue specimens were fixed for immunohistochemical 
analysis as soon as possible after surgical resection in 4% 
paraformaldehyde in phosphate-buffered saline (PBS) at 4"C for 
14 h, followed by cryoprolcciion in a graded concentration series 
of sucrose in PBS. The specimens were then embedded in the OCT 
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compound, frozen, and stored at -80 : C until analysis. All the 
tissue specimens were histologically examined and pathological 
diagnoses were confirmed. 

RT-PCR analysis 

Reverse transcriptase - polymerase chain reaction for the HMGA2 
expression was performed using a heminestcd PCR technique as 
described previously (Rogalla er al, 1996; Rommel et at, 1997). 
Total RNA was extracted by a modified guanidine thiocyanatc 
method as described previously (Miyatani et al, 1986). cDNA was 
synthesiscd using the adapter primer (AP) AAG GAT CCG TCG 
ACA TC (T)17 and Superscript II reverse transcriptase (Gibco 
BRL, Gaithersburg, MD, USA). For the first and second rounds of 
the heminested PCR, the same lower primer (Rev) 5'-TCC TCC 
TGA GCA GGC TTC-3' (exon 4/5) was used. The forward primer 
5'-CTT CAG CCC AGG GAC AAC-3' (exon )) and the nested 
primer 5'-CAT CGC CTC AGA AGA GAG GAC-3' (exon 1) were 
used as upper primers. The PCR amplifications were both 
performed for 30 cycles (lmin at 94"C, lmin at 53°C, and 2min 
at 7i"C). As a control reaction for intact RNA and cDNA, PCR 
amplification of the cDNA of the housekeeping gene /J-actin was 
performed for all samples to exclude false-negative PCR results. 
Only those samples positive for 0-actin were used for this study. 
The resulting PCR products were clearly visualised by gel 
electrophoresis on a 2% agarosc-gcl stained with ethidium 
bromide as bands at 220 base pairs (bp) for HMGA2 and at 
154 bp for /?-aetin (Figure 1). The resulting bands were sequenced 
and their sequences were found to be identical to that of HMGA2. 

Immunohistochemical analysis 

Immunohistochemical examinations were performed by the 
avidin-hiotin complex immunoperoxidase technique using an 
Avidin-Biotinylaied Enzyme Complex kit (Vector Laboratories, 
Inc. CA, USA) as described previously (Abe er al, 1999, 2000, 2002). 
The HMGA2 protein expression was immunohistochernically 
analysed on surgically resected specimens, together with four 
pancreatic cancer cell lines (PAKC-I, MIA PaCa-2, BxPC-3, and 
AsPc-1) using HMGA2-$perift"c antibodies, raised in rabbit against 
the recombinant HMGA2 protein (Berlingieri et al, 1995). In brief, 
fr0'/,en sections 5 (5 m thick) were prepared, transferred onto poly- 
L-lysinc-coated slides, air-dried, and then washed in PBS, followed 
by quenching of endogeneous peroxidase activity with 0.3% 
hydrogen peroxide in methanol. After further rinsing with PBS, 
the sections were incubated with normal goat serum for 20min at 
room temperature to block nonspecific binding, and then 
incubated with the primary anti-HMGA2 antibody (J : 100 dilu- 
tion) 14 h at 4°C. After another wash in 0.2% Triton X in PBS, the 
sections were further incubated with biotinylated anti-rabbit IgG 
for 30 min at room temperature, followed by washes in 0.2% Triton 
X in PBS. After the addition of streptavidin-biotin-conjugated 
peroxidase and incubation for 30 min at room temperature, the 
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Figure I Reverse transcriptase-polymerase chain reaction products of 
HMGA2 after gel electrophoresis and ethidium bromide staining. Results 
show specific 220-bp band', DL, DNA molecular weight martyr, lane I, 
positive control (hepatoma cell line I-ICP3B. which is known to express high 
level of HMGA2); lane 2. normal pancreas: lane 3. chronic pancreatitis; lane 
4 - 1 1 . pancreatic carcinomas. 
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sections were washed in 0.2% Trilon X in PBS, and then the 
localisation of the HMGA2 protein was visualised by incubating 
the sections with 3,3'-diaminobenzidine. The slides were counter- 
stained with Mayer's haematoxylin, dehydrated in a graded alcohol 
series, cleared in xylene, and mounted. Negative control staining 
was carried out by replacing the primary antibody with normal 
rabbit scrum under the same experimental conditions. The 
immunostaincd slides were evaluated microscopically by a single 
investigator (NA) according to the criteria published previously 
(Abe et al, 1999, 2000) without prior knowledge of the clinical data 
for each case. The percentage of HMGA2-posi|ive cells was scored 
by counting .approximately 300-1000 tumour cells in three 
randomly seleclcd fields (Abe et al, 1999, 2000, 2002). The 
immunohistochemical evaluation was considered positive when 
the HMGA2 nuclear immunoreactivity was detected in more than 
20% of the cells according to the criteria published previously (Abe 
etal, 1999, 2000). 



RESULTvS 

Expression of HMGA2 mRNA determined by RT-PCR 

Among' the six non-neoplastic tissue samples, five, including three 
normal tissues and two chronic pancreatitis tissues, gave rise to 
detectable HMGA2 bands, while one normal tissue sample showed 
no detectable HMGA2 band. The signal intensities of the MMGA2 
band in chronic pancreatitis tissue samples were almost equivalent 
to those observed in the normal tissue samples. All the 17 samples 
of pancreatic carcinomas also showed HMGA2 bands by RT-PCR 
(Figure 1, Table 1). When the signal intensities of these HMGA2 
bands were compared between non-neoplastic and carcinoma 
samples, the latter showed at least several fold more intense band 
than the former (Figure 1). Thus, an increased expression level of 
the HMGA2 mRNA is a distinct feature of pancreatic carcinoma. 

Expression of HMGA2 protein determined by 
immunohistochemistry 

To determine whether the altered HMGA2 mRNA expression 
observed in pancreatic carcinoma is associated with alterations in 
protein expression, we analysed the expression of the HMGA2 
protein by immunohistochemistry. Its expression was first 
analysed in four pancreatic cancer cell lines. Intense multifocal 
or diffuse HMGA2 nuclear immunoreactivity was characteristically 
observed in these cell lines (Figures 2A-D). In both normal 
pancreas and chronic pancreatitis tissues, acinar cells did not 
exhibit any detectable HMGA2 immunoreactivity, however, a small 
proportion of duct epithelial cells showed faint HMGA2 immunor- 
eaclivity (Figure 3A). On the other hand, in the endocrine region, 
islet cells showed intense and diffuse HMGA2 immunoreactivity 



Table I IIMGA2 expression in pancreatic carcinoma 



Histological type 
of pancreatic 
specimens 


No. of positive 
Specimens/no. 
of specimens 
analysed by 
RT-PCR 


No. of positive 1 
specimens/no. 
of specimens analysed by 
immunohistochemistry 


Noo-iieOp/c/suc Ossuc 






Norma) pancrott 


3/4 (75St>) 


0/6 (0*) 


Oironk pancreatitis 


2/2 (100%) 


0/2 (0*) 


Qurt c^-ll carcinoma 


17/17 (100*) 


27/27 (100%) 



*Tlie iininvnosliiincd slides wore scoitd as posirivfi for immurinhislucheinivlry when 
HMCA2 nuclear immunnrtuclwily wdi detected in more than 20S6 ol the cells in llie 



(Figures 3B and F). In diese cells, although HMGA2 immunor- 
eactivity was localised mainly in the nuclei, faint staining was also 
observed within the cytoplasm. These results clearly indicated that 
the presence of the HMGA2 gene in non-neoplastic pancreatic 
tissue observed in the RT-PCR analysis reflects its expression in 
islet cells, together with its focal expression in duct epithelial cells. 
No significant difference in immunohistochemical findings was 
found between normal tissues and chronic pancreatitis tissues. 
When the expression of the HMGA2 protein in surgical specimens 
of carcinomas was then analysed, multifocal ly or diffusely 
distributed intense HMGA2 irarnunbreactivity was noted in all 
the pancreatic carcinoma specimens examined (Figures 3C-F), 
Intense nuclear staining was characteristically observed in the 
carcinoma cells. High-mobility group A2-positive carcinoma cells 
were observed regardless of the degree of differentiation (well/ 
moderately or poorly differentiated tubular adenocarcinoma), 
histology type (tubular adenocarcinoma or adenosquamous 
carcinoma), or tumour site (primary or metastatic site). A strong 
correlation between HMGA2 Ovcrcxprcssion and the diagnosis of 
carcinoma was noted (Fisher's exact probability, P<0.00OI, 
Table 1). 



DISCUSSION 

To evaluate the association between HMGA2 expression and the 
pathological diagnosis of pancreatic carcinoma, we investigated 
the expression of HMGA2 gene/protein in duct cell carcinoma and 
non-neoplastic tissue of the pancreas. High-mobility group A2 
'expression has been shown to be undetectable or to remain at low 
levels in normal adult tissues (Manfioletti el al, 1991; Zhou et al, 
1995; Rogalla et al, 1996; Rommel et al, 1997; Hirning-Fol/. et al, 
1998; Cartas et a/,. 1999). In the present study, however, a highly 
sensitive RT-PCR analysis revealed the expression of the HMGA2 
gene in non-neoplastic pancreatic tissue, although its expression 
level was significandy lower than that in carcinoma. Immunohis- 
tochemical analysis indicated that the presence of the IIMGA2 
gene in non-neoplastic pancreatic tissue observed in the RT-PCR 
analysis reflects its abundant expression in islet cells together with 
its focal expression in duct epithelial cells. Thus, this Study showed 
that the HMGA2 gene or protein is present even in normal 
pancreatic tissue. In HMGA2 immunohistochemical analysis, while 
only a small proportion of duct epithelial cells in the non- 
neoplastic tissue specimens showed HMGA2 immunoreactivity, a 
significantly higher proportion of carcinoma cells showed intense 
staining. In fact, a strong correlation between HMGA2 ovcr- 
exprcssion and the diagnosis of carcinoma was statistically 
verified. These findings indicate that an increased expression level 
of the HMGA2 protein is closely associated with the malignant 
phenotype in the pancreatic exocrine system, and accordingly, 
HMGA2 could serve as a potendal diagnostic molecular marker for 
distinguishing pancreatic malignant cells from non-neoplastic 
pancreatic exocrine cells. A possible application of the results of 
the present study would be the determination of Ihe HMGA2 gene 
and/or protein expression level in pancreatic juice collected at the 
time of endoscopic retrograde pancreatography. Using a sensitive 
and quantitative method such as competitive RT-PCR or 
immunoassay, the detection of even a small number of cancer 
cells could well be expected. 

In order to evaluate the biological significance of the present 
result*, ii would be essential to understand the mechanisms by 
which |hc HMGA2 gene is involved in tumorigenesis, which 
unfortunately remain largely unclear. A clue to this issue was, 
however, provided by a recent report that transgenic mice carrying 
the HMGA2 gene developed pituitary adenomas (Fedcle ef al, 
2002). These findings indicate that the high HMGA2 expression 
level has a critical role in neoplastic transformation of cells. 
Another clue was also demonstrated when antisense HMGA2 RNa 
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Figure 2 Immuiiohistochemical demonstration of the HMGA2 protein expression in panci"eatic cancer cell lines. (A) AsPG I (Mayer's haematoxylin: 
original magnification x 700). (B) PANC-I (Mayer's haeniaioxylin; original magnification x 200). (C) MIA PaCa-7 (Mayer's haematoxylin; original 
magnification x 100). (D) bxPC-3 (Mayer's haematoxyltn: original magnification x200). Intense multifocal or diffuse HMGA2 nuclear immunorcacUvity 
(brown colour) was characteristically observed in cancer cells. 



was shown to prevent relrovirally induced neoplastic transforma- 
tion of rat thyroid cells in vitro (Berlingieri et al, 1995). The 
interaction between HMGA2 and the AP-1 transcriptional complex 
is considered to be responsible for the activation of genes whose 
expressions are associated with carcinogenesis (Vallone et aU 
1997), since thyroid neoplastic transformation is associated with a 
drastic increase in AP-1 activity. This AP-1 activity is blocked by 
suppressing HMGA protein synthesis in vitro (Tialtista et al, 1998). 
The absence or decreased AP-1 transcriptional activity, which is 
directly or indirectly regulated by HMGA proteins, would inhibit 
the expression of AP-l-dependent genes, such as those of vascular 
endothelial growth factor (VfiGF), collagenasc I (matrix metallo- 
proteinase-1; MMP-1), and stromelisin (MMP-3), which are 
essential for neoplastic transformation of cells (Vallone et al, 
1997). In fact, significant downregulations of these mRNA 
expression levels were demonstrated in the retrovirally infected 
thyroid cell lines expressing the anliscnse TIMGA2 (Vallone el al, 
J997). Considering that the ovcrcxpression of the AP*1 (Tessari 
el al, 1999; Meggiato et al, 2003), VEGP (Seo er <tl, 2000), MMP-l 
(Ito et al, 1999), and MMP-3 (Bramhall et al, 1996) has been 
demonstrated in human pancreatic cancer, together with our 
results, the interactions among these molecules may play an 
important role in pancreatic neoplastic transformation in vivo, 
Furdier studies, including the determination of expression levels of 
these molecules in tissue samples, have yet to be carried out to 
further clarify this issue. Conversely, the HMGA2 gene has recently 



been shown not to be necessary for Lhe malignant transformation 
of thyroid cells in vivo (Scala el al, 2001). This was demonstrated 
by comparing the frequency of radiation or papilloma virus E7 
gene-induced thyroid carcinomas in mice carrying disrupted 
HMGA2 (pygmy mice) and that in mice carrying wild-type 
HMGA2 (Scala er aU 2001). Pygmy mice developed thyroid 
carcinomas with the same frequency as wild-type mice and 
furthermore, these two carcinomas generated in different mice 
showed no significant macroscopic and microscopic differences, 
indicating that HMGA2 is not sufficient for in vivo malignant 
transformation of thyroid cells (Scala et al, 2001 ). Several 
hypotheses could be considered to explain the discrepancy with 
the previous in vitro data, showing that HMGA2 is required for v- 
mos- and v-ras-Kf-induced cell transformations. One possible 
explanation would be that HMGA1, rather than HMGA2, may be 
required for thyroid cell transformation. This hypothesis is 
supported by the evidence that adenovirus carrying the HMGA1 
gene in an antisense orientation induces programmed cell death in 
carcinoma cell lines derived from human thyroid, lung, colon, and 
breast cancers (Scala el al, 2000). We previously demonstrated that 
human pancreatic carcinoma expresses high HMCAJ levels (Abe 
et al, 2000, 2002), indicating thai bolh IIMGA2 and HMGA1 are 
overexpressed in this lesion. The expression of only one of the 
IIMGA genes may be sufficient to lead epithelial cells of the 
pancreatic duct to exhibit the malignant phenotype. Further 
studies, such as lhe generation of HMGA) -knockout mice and 
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Flguro 3 ItTununohistochemical demonstration of the HMGA2 protein expression in surgically cr.3P.rtnd specimens of non-neoplastic pancreatic tissues 
ana pancreatic carcinomas. (A) Non-rtcoplaslic epithelial cells of the main pancreatic duct. A small proportion ol dua epithelial tells show HMGAJ 
immunoreactivity (arrows). (Mayer's haematoxylin; original magnification x 200). (B) Epithelial cells of branch pancreatic dun and islets in chronic 
pancreatitis tissue. Islet cells showed intense and diffuse HMGA2 immunoreactivity (arrows), while epithelial cells ol the branch pancreatic dutl did not 
exhibit any detectable HMGA2 immunoreactivity (arrowhead) (Mayer's haematoxyfin; original magnification x 100). (C) Primary pancreatic carcinoma 
exhibiting well-differentiated tubular adenocarcinoma (Mayer's haematoxyfin: original magnification x 7.00). (D) Primaiy pancreatic carcinoma exltibitinf 
adenosquamous carcinoma (Mayer's hacmaloxylin; original magnification x 200). (E) Metastatic lesion in the liver (Mayeri tuemalexylin; original' 
maginlication x 200). InLrnss and multifocal or diffuse HMGA2 immunoreactivity wai noted in all ihR pancreatic carcinomas (C-E). (F) Section including 
hoth carcinoma cells and islet cells (Mayers haematoxylin; original magnific aiion x 700). Islet cells showed intense and diffuse HMGA2 immunorvartivHy 
(arrows), which was almost equivalent tn that observed in carcinoma cells (arrowheads). 



subsequent analysis of their susceptibility to developing malig- 
nancies, need to be carried oul in order to clarify the role of a 
single HMGA gene in carcinogenesis in a wide variety of epithelial 
tissues. 



British Journal of Cancer (2003) 89(1 1). 210-1-2109 



In conclusion, this study has clearly demonstrated that an 
increased expression level of the 1IMGA2 gene/protein is closely 
associated with the malignant phenotype in pancreatic exocrine 
tissue, suggesting that HMGA2 could play a vita) role in 
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tumorigenesis in the pancreatic exocrine system. The strong 
correlation between HMGA2 overexpression and the histological 
diagnosis of carcinoma indicates that the determination of the 
expression level of HMGA2 can be of great value in the diagnosis 
of pancreatic neoplasms. 
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A Cell Can Change the Expression of Its Genes 
in Response to External Signals 3 
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I 'inure 9-2 Six steps at which 
cucaryote gene expression can be 
controlled. Only controls that operate 
ai steps I through 5 are discussed in 
ihis chapier. The regulation of protein 
activity (step f>) is discussed in 
Chapter 5; this includes reversible 
activation or inactivation by protein 
phosphorylation as well as 
irreversible inactivation by proteolytic 
degradation. 
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Figure 9-7 1 A mechanism to explain 
both the marked deficiency of CG 
sequences and the presence of CG 
islands in vertebrate genomes. A 

black line marks the location of an 
unmethylated CG dinucleotide in the 
DNA sequence, while a red line marks 
the location of a methylated CG 
dinucleotide. 
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Summary 

Hie many types of cells in animals and plants are created largely through mecha- 
nisms that cause different genes to be transcribed In different cells. Since many spe- 
cialized animal cells can maintain their unique character when grown in culture the 
Kene regulatory mechanisms involved In creating them must be stable once estab- 
lished and heritable when the cell divides, endowing the cell with a memory of its 
developmental history. Procaryotes and yeasts provide unusually accessible model 
systems ,n which to study gene regulatory mechanisms, some of which may be rel- 
evant* the creation of specialized cell types in higher eucaryotes. One such mecha- 
nism involves a competitive interaction between two (or more) gene regulatory pro- 
teins, each of which inhibits the synthesis of the other; this can create a flip-flop 
switch that switches a cell between two alternative patten* of gene expression. Di- 
rect or indirect positive feedback loops, which enable gene regulatory proteins to 
perpetuate their own synthesis, provide a general mechanism for cell memory 

In eucaryotes gene transcription is generally controlled by combinations of gene 
regulatory proteins. It is thought that each type of cell in a higher eucaryotic organism 
contains a specific combination of gene regulatory proteins that ensures the expres- 
sion of only those genes appropriate to that type of cell A given gene regulatory pro- 
tern may be expressed in a variety of circumstances and typically is involved in the 
regulation of many genes. 

In aMition to diffusible gene regulatory proteins, inherited states of chromatin 

',7 area , lSO '" IUZeti by eHcar y° tic to regulate gene expression. In ver- 

tebrates DNA methyUition also plays a part, mainly as a device to reinforce decisions 
about gene expression that are made initially by other mechanisms 



Posttranscriptional Controls 

Although controls on ,he i„i,i itt ion of B ene transcription are the predominant 
orm of regulation tor most genes, other controls can act later in the pathway 
rom RNA to protein to modulale the amount of gene product that is made Al- 
hough these posttranscriptional controls, which operate after RNA polymerase 
has bound to the gene's promoter and begun RNA synthesis, are less common 
■ han transcriptional control, for many genes they are crucial. It seems that every 
step in gene expression that could he controlled in principle is likely to be regu- 
lated under some circumstances tor some genes. 

We consider the varieties of posttranscriptional regulation in temporal or- 
der according to the sequence of events that might be experienced by an RNA 
molecule after its transcription has begun (Figure 9-72). 
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I'imire <)-72 Possible post- 
transcriptional controls on gene 
expression. Only a few of these 
controls are likely to be used for any 
one gene. 
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| TRANSLATION 

FROM DNA TO RNA 

Transcription and translation are the means by which cells read out, or. express, 
the genetic instructions in their genes. Because many identical RNA copies can 
be made from the same gene, and each RNA molecule can direct the synthesis 
of many identical protein molecules, cells can synthesize a large amount of 
protein rapidly when necessary. But each gene can also be transcribed and 
translated with a different efficiency, allowing the cell to make vast quantities of 
some proteins and tiny quantities of others (Figure 6-3). Moreover, as we see in 
the next chapter, a cell can change (or regulate) the expression of each of its 
genes according to the needs of the moment — most obviously by controlling 
the production of its RNA. 

Portions of DNA Sequence Are Transcribed into RNA 

The first step a cell takes in reading out a needed part of its genetic instructions 
is to copy a particular portion of its DNA nucleotide sequence— a gene — into an 
RNA nucleotide sequence. The information in RNA, although copied into another 
• chemical form, is still written in essentially the same language as it is in DNA— 
the language of a nucleotide sequence. Hence the name transcription. 

Like DNA, RNA is a linear polymer made of four different types of nucleotide 
subunits linked together by phosphodiester bonds (Figure 6-4). It differs from 
DNA chemically in two respects: (1) the nucleotides in RNA are 
ribonucleotides— That is, they contain the sugar ribose (hence the name ribonu- 
cleic acid) rather, than deoxyribose; (2) although, like DNA, RNA contains the 
bases adenine (A), guanine (G), and cytosine (Q, it contains the base uracil (U) 
instead of the thymine (T) in DNA. Since U, like T, can base-pair by hydrogen- 
bonding with A (Figure 6-5), the complementary base-pairing properties 
described for DNA in Chapters 4 and 5 apply also to RNA (in RNA, G pairs with 
C, and A pairs with U). It is not uncommon, however, to find other types of base 
pairs in RNA: for example, G pairing with U occasionally. 

Despite these small chemical differences, DNA and RNA differ quite dra- 
matically in overall structure. Whereas DNA always occurs in cells as a double- 
Stranded helix, RNA is single-stranded. RNA chains therefore fold up into a 
variety of shapes, just as a polypeptide chain folds up to form the final shape of 
a protein (Figure 6-6). As we see later in this chapter, the.ability to fold into com- 
plex three-dimensional shapes allows some RNA molecules to have structural 
and catalytic functions. 1 

Transcription Produces RNA Complementary to 
One Strand of DNA 

All of the RNA in a cell is made by DNA transcription, a process that has cer- 
tain similarities to the process of DNA replication discussed in Chapter 5. 



TRANSLATION 



Figure 6—3 Genes can be expressed 
with different efficiencies. Gene A is 
transcribed and translated much more 
efficiently than gene B.This allows the 
amount of protein A in the cell to be 
much greater than that of protein B. 
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lire 6-90) could be regulated by the cell for each-individual protein. However, as 
we shall see in Chapter 7, the initiation of transcription is the most common 
point for a cell to regulate the expression of each of its genes. This makes sense, 
inasmuch as the most efficient way to keep a gene from being expressed is to 
block the very first step — the transcription of its DNA sequence into an RNA 
molecule. , 



Figure 6-90 The production of a 
protein by a eucaryotic cell. The final 
level of each protein in a eucaryotic cell 
depends upon the efficiency of each step 
depicted. 



Summary 

The translation of the nucleotide sequence of an mRNA molecule into protein lakes 
place in the cytoplasm on a large ribonncleoprotein assembly called a ribosome. The 
amino acids used for protein synthesis are first attached to a family of tRNA 
molecules, each of which recognizes, by complementary base- pair interactions, par- 
ticular sets of three nucleotides in the mRNA Icodons). The sequence of nucleotides in 
the hiRNA is then read from one end to the other in sets of three according to the 
genetic code. 

To initiate translation, a small ribosomal subunit binds to the mRNA molecule 
at a start codon (AUG) that is recognized by a unique initiator tRNA molecule. A 
large ribosomal subunit binds to complete the ribosome and begin the elongation 
phase of protein synthesis. During this phase, aminoncyl tRNAs — each bearing a 
specific amino acid bind sequentially to the appropriate codon in mRNA by forming 
complementary base pairs with the tRNA anticodon. Each amino acid is added to the 
C-terminal end of the growing polypeptide by means of a cycle of three sequential 
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Figure 7-5 Six steps at which 
eucaryotk gene expression can be 
controlled. Controls that operate at 
steps I through 5 are discussed in this 
chapter. Step 6, the regulation of protein 
activity, includes reversible activation or 
inac ovation by protein phosphorylation 
(discussed in Chapter 3) as well as 
irreversible inactivation by proteolytic 
degradation (discussed in Chapter 6). 
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Gene Expression Can Be Regulated at Many of the Steps 
in the Pathway from DNA to RNA to Protein 

If differences among the various cell types of an organism depend on the partic- 
ular genes that the cells express, at what level is the control of gene expression 
exercised? As we saw in the last chapter, there are many steps in the pathway 
leading from DNA to protein, and all of them can iri principle be regulated. Thus 
a cell can control the proteins it makes by (1) controlling when and how often a 
given gene is transcribed (transcriptional control), (2) controlling how the RNA 
transcript is spliced or otherwise processed (RNA processing control), (3) 
selecting which completed mRNAs in the cell nucleus are exported to the cylosol 
and determining where in the cylosol they are localized (RNA transport anil 
localization control), (4) selecting which mRNAs in the cytoplasm are translated 
by ribosomes (translational control), (5) selectively destabilizing certain mRNA 
molecules in the cytoplasm (mRNA degradation control), or (6) selectively acti- 
vating, inactivating, degrading, or compartmentalizing specific protein 
molecules after they have been made (protein activity control) (Figure 7-5). 

For most genes transcriptional controls are paramount: This makes sense 
because, of all the possible control points illustrated in Figure 7-5, only tran- 
scriptional control ensures that the cell will not synthesize superlluous interme- 
diates. In the following sections we discuss the DNA and protein components 
that perform this function by regulating the initiation of gene transcription. We 
shall return at the end of the chapter to the additional ways of regulating gene 
expression. 

Summary 

The genome of a eel! contains in its DNA sequence the information to make many 
thousands of different protein and RNA molecules. A cell typically expresses only a 
jraction of its genes, and the different types of cells in multicellular organisms arise 
because different sets of genes are expressed. Moreover, cells can change the pattern 
:>i genes they express in response to changes in their environment, such as signals 
jrom other cells. Although all of the steps involved in expressing a gene can in prin- 
ciple be regulated, for most genes the initiation Of RNA transcription is the most 
important point of control. 



How does a cell determine which of its thousands of genes to transcribe' As 
■Mentioned briefly in Chapters 4 and 6. the transcription of each gene is con- 
tused by a regulatory region of DNA relatively near the site where transcription 
logins. Some regulatory regions are simple and act as switches that are thrown 
by a s.ngle signal. Many others are complex and act as tiny microprocessors 
n : ponding to a variety of signals that thev interpret and integrate to switch the 
■ n :ghbormg gene on or off. Whether complex or simple, these switching devices 
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Summary 

We examined the effectiveness of various anti-tumour agents to natural killer 
(NK)-cell tumour cell lines and samples, which arc generally resistant to 
chemotherapy, using flow cytometric terminal deoxynucleotidyrtransferase- 
mediated dUTP-biotin nick end-labelling (TUNEL) assay. Although NK-YS 
and NK-92 were highly resistant to various anti-tumouT agents, 
L-asparaginasc induced apoptosis in these two NK-cell lines. NK-cell 
lcukacmia/lymphoma and acute lymphoblastic leukaemia (ALL) samples 
were selectively sensitive to L-asparaginase and to doxorubicin (DXR) 
respectively. Samples of chronic NK lymphocytosis, an NK-cell disorder with 
an indolent clinical course, were resistant to both, drugs. Our study dearly 
separated two major categories of NK<ell disorders and ALL according to the 
sensitivity to DXR and L-asparaginase. We examined. asparagine synthetase 
levels by real-time quantitative polymerase chain reaction (RQ-PCR) and 
immunostalning in these samples. At least in nasal-type NK-cell lymphoma, 
there was a good correlation among asparagine synthetase expression, in vitro - 
sensitivity and clinical response to i.-aspafaginase. In aggressive NK-ccJl 
leukaemia, although ' asparagine synthetase expression was high at both 
mKNA and protein levels, L-asparaginase induced considerable apoptosis, 
Furthermore, samples of each disease entity occupied a distinct area in two- 
dimensional plotting with asparagine synthetase mRNA level (RQ-PCR) and 
in vitro L-asparaginase sensitivity (TUNEL assay). We confirmed rather, 
specific anti-tumour activity of L-asparaginase against NK-cell tumours 
in vitro, which provides an experimental background to the clinical use of 
L-asparaginase for NK-cell tumours. 

Keywords: natural killer cell tumour, L-asparaginase, chronic NK lympho- 
cytosis, apoptosis, asparagine synthetase. 



Natural killer (NK) cells are characterised by large granular 
lymphocyte morphology with CD3~ CD56 + phenotype, non- 
major histocompatibilty complex-restricted cytotoxity, and 
germ-line configuration of T-celi receptor genes (Hercend & 
Schmidt, 1988; Trinchieri, 1989; Robertson & Ritz, 1990). NK- 
cell disorders consist of two main categories: chronic NK 
lymphocytosis and NK-cell leukaemia/lymphoma. Chronic NK 
lymphocytosis is a rather benign disorder with persistent excess 
of mature NK cells (CD3~ CD16/CD56 + ) in the peripheral 
blood (Tefferi et al, 1994). In contrast, NK-cell' leukaemia/ 
lymphoma is a group of aggressive disorders, consisting of 
aggressive NK-cell leukaemia, nasal-type NK-cell lymphoma 
and blastic NK-cell lymphoma (Jane et al, 2001). Aggressive 



NK-cell leukaemia takes a highly aggressive clinical course 
accompanied with fever and hepatosplenomegaly (Imamura 
et al, 1990; Chan et al, 1997; Kwong <?f al, 1997; Siu et it!, 2002; 
Oshimi, 2003). Nasal-type NK-cell lymphoma occurs mainly 
in the nasal cavity with extensive necrosis and angioinvasion, 
and rapidly disseminates to various sites. Blastic NK-cell 
lymphoma, which may originate from the* ■ precursors of 
plasmacytoid dendritic cells, tends to involve multiple sites, 
including the skin (Chaperot et n/,.2001 ; Feuillard et al, 2002). 
Poor outcome of these NK-cell leukaemia/lyniphomas has 
been attributed not only to their rapid progression but also . to 
the refractoriness to standard Combination chemotherapy 
(Kwong et al, 1997). High expression of P-glycoprotein 
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(p.gp), which extrudes various cytotoxic agents, may contrib- 
ute to their refractoriness Id various anti-cancer agents 
(Yamamoto et al, 1993; Yamaguchi et al, 1995; Egashira et al, 
1999). Some reports have recently shown that L-asparaginase, a 
commonly used agent for childhood acute lymphoblastic 
leukaemia (ALL), is effective against refractory and relapsed 
cases of NK-cell lymphoma (Matsumoto et al, 2003; Yong 
el aU 2003). As the agent deplete? asparagine by its hydrolysis, 
tumour celb that depend on exogenous asparagine are 
sensitive to this agent (Clarkson et al, 1970; Ertel et al, 
1979). Treatment with L-asparaginase induces apoptotic mor- 
phology in canine malignant lymphoma cells (Story et al, 
1993). Flow. cytometric terminal deoxynudeotidyl transferase- 
mediated dUTP-hiotih nick end-labelling (TUNEL) assay 
confirmed that L-asparaginasc induced Gl arrest and apoptosis 
in murine leukaemia cells (Ueno tit til, 1997). In the present 
study, we applied the TUNEL assay to two NK-ccll lines, NK- 
YS (Tsuchiyama et al, .1998) and NK-92 (Gong et al, 1994) 
derived from nasal-type NK-cell lymphoma . and aggressive 
NK-celJ leukaemia. Among various anti-tumour drugs, only 
i.-asparaginase induced considerable amount of apoptosis in 
these NK-cell lines. Furthermore, considerable portion of NK- 
cell tumour samples was sensitive to in vitro treatment with 
i.-asparaginase.. 

Materials and methods 

Cell lines 

Jurkal, K562, NK-92 and NK-YS cell lines were used. Furkat 
and K562 were grown in Roswell Park Memorial Institute 1640 
medium supplemented with 10% fetal calf serum (FCS), 
100 U/ml penicillin and 100 ug/ml streptomycin. NK-92 and. 
NK-YS, kindly provided by Dr Jiang-Hong Gong (University 
of British Columbia, Vancouver, Canada) and Dr Junjiroh 
Tsuchiyama (Okayania University Medical School, Japan), 
respectively, were grown in Iscove's modified Dulbecco's 
medium supplemented with 10% PCS, 100 U/ml of interleu- 
kin-2 (Takeda, Osaka, Japan), 100 U/ml penicillin and 100 ug/ 
ml streptomycin. The cells were split to keep the cell density at 
2 x If) 5 to 1 x 10 6 cells/ml. 

Patients and tumour samples 

Eighteen patients with NK-cell disorders were entered into the 
study. Informed consent was obtained in all cases. T-cell 
receptor genes of all cases were all in germline configuration. 
Ten patients had chronic NK lymphocytosis, four nasal-type 
NK-cdl lymphoma, two aggressive NK-cell leukaemia and two 
blastic NK-cell lymphoma. The percentages of CD56 or CD16 
positive cells were more than 85% in eight patients, 60-85% in 
six, 50-60% in three and 30% in one. We also used AH, cells 
from six patients: two patients with T-AI.L and four- with 
B-ALL. Karyotypes of ALL samples were normal except ti>r one 
which was t(9;22)(q34;qll). 



Apoptosis of NK-cell Tumours by i.-Asparaginase 

Anti-cancer agents and drug treatment 

We used doxorubicin (DXR), daunorubicin (DNR), vincris- 
tine (VCR), methotrexate (MTX), cytosine (l-D-arabinofura- 
nose (Ara-C) (all reagents were purchased from Sigma, St 
Louis, MO, USA), and L-asparaginase (Kyowa Hakkou, Tokyo, 
Japan). Logarithmically growing cells were treated for the 
indicated times with these drugs. 



Cell fixation 

Oils treated with the indicated conditions were harvested by 
centrifugation for 8 min at 4°C at 400 g, washed once with 
phosphate-buffered saline (PBS); and then fixed in 1% form- 
aldehyde in PBS (pH 7-4) for 15 min on ice. After washing in 
PBS, cells were resuspended in 70% cold (-20°C) ethano) and 
immediately transferred to the freezer. The cells were stored at 
-20 C C for 1 day before being subjected to the TUNEL assay. 

Flow cytometric TUNEL assay 

Cells were washed twite in PBS, resuspended in 50 Jl.i1 of a 
cacodylate buffer containing 0-2 mol/1 potassium, cacodylatc, 
25 mmol/1 Tris-HCl (pH 6 6), 2-5 mmol/l CoCl 3 ., 0-25 mg/;nl . 
bovine serum albumin, 5 U of terminal deoxynudeotidyl 
transferase (TdT) and 0-5 nmol of biotiri-dUTP (all reagents 
were purchased from Boehringer Mannheim, Indianapolis, IN, 
USA). The cells were incubated in this solution at 37°C for 
30 min, rinsed in PBS, resuspended in 100 ul of a solution 
containing 4 ul concentrated saline-sodium citrate buffer, 
2-5. ug/ml fluoresceinaied avidin (Boehringer Mannheim), 
01% Triton X- 100, and 5% (w/v) non-fat dry milk, and 
incubated in this solution for 30 min at room temperature in the 
dark. After incubation in the solution, the cells were rinsed in 
PBS containing 0-1% Triton X-100 and resuspended in 1 ml of 
PBS containing 5 pg/ml of propidium iodide (PI) and 200 ug/ 
nil of RNase A (both from Sigma). This procedure essentially 
followed that of previous reports (Sugiinoto ct al, 1998, 2002). 

Flow cytometry was. performed on a CYTRON ABSOLUTE 
flow eytotneler (Ortho, Raritan, NJ, USA). The PI signal of 
orange fluorescence and TIFNEL signal of green fluorescence of 
each cell were measured using linear and logarithmic ampli- 
fications of the standard optics of the CYTORON ABSOLUTE. 
Even without anti-tumour drug treatment, NK-cell samples 
often underwent apoptosis spontaneously in in vitro culture 
conditions. Wc thus evaluated the anti-tumour effect on NK- 
cell tumour and ALL samples using the corrected'apoptotic cell 
percentage, which we defined as [drug-induced apoptosis- 
(%) - spontaneous apoptosis (%)J/1100 - spontaneous 
apoptosis (%)]. 

Immwiostainhtg 

A monoclonal antibody 3G6 against asparagine synthetase was 
prepared by a standard hybridoma cell formation method 
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(Sheng el al, 1992; Hutson el al, 1997). As previously 
described, specimens of cell lines prepared using Cytospin 3 
(Shandon, Pittsburgh, PA, USA) and bone marrow smears 
were fixed with a methanol and acetone mixture (1:1) for 90 s 
at 4°C using the EX-IHC automated immuriohistochcmistry 
system (Ventana Medical Systems, Tucson, AZ, USA). In 
lymphoma cases, formalin-fixed, paraflin-embedded tissue 
specimens were prepared. The slides were inhibited with 
H 2 0)i incubated with the primary monoclonal antibody 
against asparagine synthetase for 16 min at 37°C, and detected 
by the dianiinobenzidiiie (DAB) Detection Kit (Ventana 
Medical Systems) (Irino et ul, 2004). The intensity of the 
asparagine synthetase signal was determined by inspection in 
comparison with the controls. 

Real-time quantitative polymerase chain reaction assay of 
asparagine synthetase mtihlA 

Total RNA was isolated using UNA STAT- 61) (Tel-Test, Inc.). 
First. strand cDNA was synthesised from.) ug of UNA using 
Super Script 11 (C.ioco BRL, Carlsbad, CA, USA). Real-time 
quantitative polymerase chain reaction (KQ-PCR) was per- 
formed with the LightCydcr FastStart DNA Master SYBR 
Green I kit, containing the SYBR Green I dye (Roche 
Molecular Biochcmicals, Mannheim, Germany). For each 
sample, reactions were set up in capillaries with the following 
reaction mix: 2 pi of DNA template; 0-5 ul each of 10 umol/l 
sense and antisense primers; 2-4 pi of 25 mmol/l MgC.I 2 ; 2 ul 
of T.ightCyder- DNA Master SYBR Green I reaction mix; and ■ 
12-6 ul sterile water. The amplification conditions -were 10 min 
at 95°C, followed by 40 cycles of denaturation at 95°C for 10 s, 
annealing at 60°C for 10 s and extension at 72 c O for 6 s. All 
primers were purchased from TAKARA BIO Inc (Otsu, Japan). 
Primers for the amplification of asparagine synthetase cDNA 
were sense, 5'-CGGTAGTTGACCCGCTGTTTG 3', and anti- 
sense, 5'- C1ACCATCCaCTTTGGTCTGGTATTC-3 ; . The cal- 
culated number of transcripts of asparagine synthetase was 
normalised to the housekeeping gene, glyceraldehydes-3-phos- 
phate dehydrogenase (CAPDH). 

Results 

We examined apoptotic cell percentages of Jurkat and two NK- 
ccil lines after treatment with various anti-cancer agents 
including VCR, MTX, Ara-C, DNR, DXR and i.-asparaginase 
using flow cytometric TUNEL assay (Suginioto et al, 1998, 
2002). At first, we determined the treatment conditions (drug 
concentration and treatment duration), which caused 30-70% 
of apoptosis in Jurkat cells. NK-YS and NK-92 cells were 
extremely resistant to these drugs, and at most 10% of them 
were apoptotic. On the contrary, 84% of NK-YS and 67% of 
NK-92 cells underwent apoptosis after 48 h of incubation with 
0 01 lU/ml of L-asparaginase, although the same treatment 
induced apoptosis only in 19% of Jurkat cells. Even at different 
concentrations and treatment durations, i.-asparagin&se in- 
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Fig 1. Apoptosis of NK-YS. NK-92 and lurkat cells treated with var- 
ious anti-tumour agents including L-asparaginasc. (A) Apoptotic cell 
percentages of NK-YS, NK-92 and Jiifkat cells treated with various 
anti-tumour agents were determined by flow cytometric TUNEL aisay. 
Treatment conditions were as follows: 10 nmol/1 of vincristine (VCR) 
for 24 h, 1U0 nmo!/l of methotrexate (MTX) for 48 h 1 umol/l of 
cytosine (J-o-arabinoturannse (Ara-C) for 48 h, 120 nmol/1 of dau- 
norubidn (DNR) for 24 h, 300 nmol/1 of doxorubicin (DXR) for 24 h, 
0 01 lU/ml of .L-asparaginase for 24 and 48 h, and 01 lU/ml of 
'L-asparaginase for 24 h. TUNF.I. assay W3S performed in triplicate for 
all cell lines. The arithmetic means and standard deviations were cal- 
culated with three values. NK-YS and NK-92 cells were selectively 
sensitive to L-asparaginase. (B) Cell cycle positions of apoptotic and 
non-apoptotic NK-YS cells determined by (low cytometric TUNEL 
assay. Untreated (a, d), treated with 300 nmol/1 of doxorubicin for 
24 h (b, e) and 0-OI TU/ml nt'i.-asparaginasc for 4S h (c, f). Most NK- 
YS cells at non-Cil cell cycle positions were apoptotic. 

duced apoptosis rather specifically in those NK-cell lines 
(Fig 1A). Essentially the same results were obtained in four 
independent experiments. Among various anti-tumour agents 
tested here, only L-asparaginase was more effective to the two 
NK-cell lines than to (urkat cells. As MTX and Axa-C, whose 
effects arc known to be independent of P-gp status" (Pastan & 
Gottesman, 1994), had little effect on these two NK-cell lines, 
high expression of P-gp cannot fully explain the refractoriness 
of NK-cell tumours to various anti-tumour agents. However, 
[.-asparaginase was obviously effective to NK-cell tumour cell 
lines, regardless of any mechanisms of drug resistance. 
Figure IB show the results of flow cytometric TUNEL assay 
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on NK-YS cells. Treatment with 300 nmol/l of DXR lor 24 h 
caused a small decrease in die Gl peak and small amount of 
apoptosis in NK-YS cells (b, c). Although treatment with 
L-asparaginase did not apparently change the cell cycle 
distribution of NK-YS (Fig IB-c), most of the non-Gl cells 
underwent apoptosis (Fig lB-f). Similar results were obtained 
in NK-92 cells (data not shown). Wc next examined the 
effectiveness of L-asparaginase to NK-cell tumour samples. 
Even without anti-tumour drug treatment, NK-cell samples 
often underwent apoptosis spontaneously in in vitro culture 
conditions. We thus evaluated the anti-tumour effect of 
L-asparaginase using the corrected apo plot ic cell percentage, as 
indicated in the study design. Figure 2 shows the corrected 
apoptotic cell percentages of four nasal-lype NK-cell lym- 
phoma, two aggressive NK-cell leukaemia, two blaslic NK-cell 
lymphoma, 10 chronic NK lymphocytosis and six ALL 
samples treated with 450 nmol/l of DXR or with 10 lU/ml 
of L-asparaginase for 24 h. The corrected apoptotic cell 
percentages after DXR treatment were nearly 0% in chronic 
NK lymphocytosis, <10% in NK-cell tumours and about 40% 
in ALL. In contrast, L-asparaginase treatment caused corrected 
apoptotic cell percentages of 20-60% in NK-cell tumour 
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Fig 2. Selective effect of r,-asparaginase to NK-cell leukarmia/lym- 
phoma. (A) Corrected aj>optotic cell percentages of NK-cell leukaemia/ 
lymphoma, chronic NK lymphocytosis and acute lymphoblastic leuk- 
aemia (ALL) samples after the treatment with 450 nmol/l of doxoru- 
bicin for 24 h. TUNEL assay "as performed in triplicate in all samples. 
(11) Corrected apoptotic cell percentages of the same samples as (A) 
after 10 IU/m! of L-asparaginase for 24. h treatment. TUNEL assay was 
performed iu triplicate in all samples. 



samples except one, and around 10% of apoptosis in chronic 
NK lymphocytosis and ALL samples. Therefore, our results 
showed that L-asparaginase was more effective than DXR not 
only to NK-cell lines but also to patient NK-cell rumour 
samples. On the contrary, ALL samples were more sensitive to 
DXR than to L-asparaginasc. Chronic NK lymphocytosis was 
resistant to both agents. The characteristics, diagnosis, treat- 
ment regimen(s), survival duration of each patient are shown 
in Tabic I. According to the sensitivity to these two agents, 
ALL, NK-cell tumours, and chronic NK lymphocytosis could 
lie clearly divided into three categories >•«. DXR-sensitive, 
L-asparaginase-sensitive and resistant to both agents respect- 
ively (Fig 2). 

As expression, of asparagine synthetase is one known 
mechanism for resistance to L-asparaginase (Aslanian i?r ul, 
2001), wc examined asparagine. synthetase expression in the 
samples described above using HQ- PGR and immunostaining. 
Table I! shows the normalised asparagine synthetase mRNA 
expression value (AS/GAPDH) of each sample. In nasal-type 
NK-cell lymphoma, asparagine synthetase mRN A levels of two 
samples were comparatively high (patients f and 2), and those 
of another two samples were low (patients 3 and 4). In this 
disease entity, asparagine synthetase .mRNA levels. inversely, 
correlated with in vitro sensitivity to L-asparaginase. Although 
the sample number was relatively small, asparagine synthetase 
mRNA levels were high (>0-05) in two aggressive NK-cell 
leukaemia and two btastic NK-cell lymphoma cases. Exprcs- . 
sion of asparagine synthetase mRNA was high in almost all 
samples of chronic NK lymphocytosis. Then,, we created a two- 
dimensional plot of asparagine synthetase mRNA expression 
and in vitro r.-asparaginase sensitivity. Samples belonging to 
each disease entity occupied a .distincl area in this scheme 
(Fig 3). In spite of comparatively low asparagine synthetase 
mRNA expression, ALL cells tacked sensitivity to L-asparagi- 
nasc in vitro. All nine cases of chronic NK lymphocytosis that 
were resistant to (.-asparaginase, had high expression levels of 
asparagine synthetase mRNA. On the contrary, although 
l- asparaginase induced considerable apoptosis in two aggressive 
NK-cell leukaemia and two blastic NK-ccll lymphoma samples, . 
asparagine synthetase mRNA expression of these samples was 
high. As for nasal-type NK-cell lymphoma, there was -good 
corrcLttion between the results of in vitro TUNEL assay and 
asparagine synthetase mRNA expression (Table II, Fig 3). 

Figure 4 shows representative results of asparagine synthe- 
tase staining in NK-cell tumour cell lines and patient samples. 
Compared with the positive control (K562 cells; Fig 4A), NK- 
92, NK-YS (Fig 4B) and lurkat cells were all negative for 
asparagine synthetase staining. As summarised in Table II, 
asparagine synthetase was detectable in one of four cases for 
nasal NK-cell lymphoma, two of two cases for aggressive NK- 
cell leukaemia and two of four cases of ALL. Although 
asparagine synthetase mRNA levels were relatively high in cases 
positive for asparagine synthetase immunostaining, high levels 
of asparagine synthetase mRNA expression did not always 
warrant the positive staining. 



© 2005 Blackwell Publishing Ltd, British Journal of Haematology. 130. 860-868 



863 



PACE 17 /22 • RCVD AT 5/14/2007 7:41:12 AM [Pacific Standard Time] * SVR:SVCS01/1 * DNIS:6034 • CSID:(613) 991-5726 * DURATION (mm-ss):22-56 



From (613) 991-5726 



Order # 06859215DP05739765 Mon 14 May 2007 10:55:18 AM EDT 



Page 6 of 10 



M. Ando st al 

Table I. Palienl characteristics and clinical data. 



In vitro 
response to 



Clinical 
response 



Positive cells (%) 



Patient 
no. 


Age 

(yearsj/scx 


Diagnosis 


L-Asp 


DXR 


i.- Asp 


Treatment 


Survival 
from diagnosis 




CD16 


CD56 




1 


G0/M 


Nasal-type NK-cell lymphoma 


R 


R 


NR 


1(V)AM + i.-asp 


4 months 


12 


94-6 


2 




Nasal-type NK-cell lymphoma 


S 


R 


ND 


CHOP 


2 months 


in 


94 


.1 


cam 


Nasal-type NK-cell lymphoma 


S 


R 


CR 


t(V)AM + L-asp 


>20 months 


2-4 


98-3 


■1 


52/F 


Nasal-type NK-cell lymphoma 


S 


R 


CR 


l(V)AM + L-asp 


>8 months 


70 


97-9 


5 


52/M 


Aggressive NK-cell leukaemia 


S 


R 


ND 


PACC, high dose MTX 


6 months 


41 


29-3 


fi 


22/M 


Aggressive NK-cell leukaemia 


S 


R 


CR 


Hyper CVAD, L-asp 


3 months 


ND 


95-2 


7 


55/M 


Mastic NK-cell lymphoma 


S 


R 


ND 


CHOP, MTX 


17 months 


ND 


968 


8 


42/M 


Blastic NK-cell lymphoma 


S 


R 


ND 


1VAM. allo-BMT 


5 years 


ND 


561 


9 


50/M 


Chronic NK lymphocytosis 


R 


R 


ND 


No treatment 


>30 months 


47 


52 


10 


55/F 


Chronic NK lymphocytosis 


R 


R 


ND 


No treatment 


>10 years 


59 


79 


11 


18/F 


'Chronic, NK lymphocytosis 


R 


R 


ND 


No treatment 


>5 years 


ND 


64 


12 


41/F 


Chronic NK lymphocytosis 


R 


R 


ND 


No treatment 


:> 1 X months 


57 


60-6 


13 


46/M 


Chronic NK lymphocytosis 


R 


R 


ND 


No treatment 


>5 years 


66 t 


8-4 


14 


58/F 


Chronic NK lymphocytosis 


R 


R 


ND 


No treatment 


>10 years 


52 


76 


15 . 


62/M 


Chronic NK lymphocytosis 


R 


R 


ND 


No treatment 


>5 years 


ND 


85 


16 


62/F 


Chronic NK lymphocytosis 


R 


R 


ND 


No treatment 


>10 years 


94 


95 ' 


17 


34/M , 


Chronic NK lymphocytosis 


R 


R 


Nt) 


No treatment 


> 10 years 


33 


'51 


18 


66/M 


Chronic NK lymphocytosis 


R 


R 


ND 


No treatment 


>10 years 


78 


6 


19 


30/F 


TALK 


R 


S 


NR 


LI 7 M 


6 months 


2-6 


4-9 


20 


75/M 


T-ALL 


R 


S 


ND 


L17 M 


2 months 


2 


3 3 


21 


56/F 


B-ALL 


U 


S 


NR 


L17 M 


4 months 


0-3 


(13 


12 


30/F 


BALL 


11 


S 


ND 


LI 7 i\4 


>1 months 


0-8 


0-7 


23 


20/M 


BALL 


R 


S 


CR 


L17 M, allo-PBSCT 


>24 months 


Nl) 


ND 


24 


23/M 


B ALL 


1' 


S 


CR 


L17M 


>6 months 


1-2 


4-4 



Patient numbers are identical to those in Figs 2-4, and Table IT. 

Clinical response to L-asparaginase is shown as CR or NR. Complete remission (CR) means residual leukacmic blasts <5% in leukaemia cases, and 
complete resolution of signs and symptoms and normalisation of all imaging studies in lymphoma cases after L-asparaginase containing regimen. 
No response (NR) indicates more than 25% residual leukaeiiiic blasts in leukaemia cases, and no reduction in measurable tumours in lymphoma cases 
after i -asparaginase containing regimen. 



Discussion 

As NK-cell leukaemia/lymphoma pursues an aggressive course 
with poor response and short survival with standard chemo- 
therapy containing anthracycline, optimal treatment modali- 
ties need to be determined (Kwong et al, 1997). The present 
study clearly showed the effectiveness of L-asparaginase to NK- 
cell leukaemia/lymphoma in vitro . using the TUNEL assay. 
Even at different concentrations and treatment durations, 
i.Tasparaginase induced apoptosis selectively in NK-cell lines. As 
previously reported for murine leukaemia cells, [.-asparaginase 
induced Gl arrest and apoptosis rather specifically in the non- 
Gl population of NK cells (Ueno et al, 1997). There exist some 
immanent methodical limitations in in vitro i.-asparaginase 
sensitivity assay. Ammonia released by hydrolysaticn of 
asparaginc and glutaminc, which is rapidly eliminated in vivo, 
might contribute to the cytotoxicity of in vitro L-asparaginasc 
treatment (Wagner ct al; 1999). In our experiments, however, 
culture medium, containing phcnolphthalcin incubated with 
i.-asparaginase was almost the same colour or even less red than 
the non-treated, rapidly growing control. This observation 



864 



may exclude the high concentration of ammonia in the 
i.-asparaginase-containing medium. Furthermore, L-asparagi- 
nase is known to induce not only asparagine but also 
glutamine deprivation, the latter may cause cell shrinkage^ 
dependent CD95 clustering, which leads to the activation of 
the receptor-mediated apoptotic. pathway (Funwola et al, 
2001). 

We next examined the effectiveness of ^-asparaginase and 
DXR to NK-cell tumour samples. ALL, NK-cell leukaemia/ 
lymphomas and chronic NK lymphocytosis correlated well 
with three categories of drug sensitivity; i.e. DXR-sensitive, l- 
asparaginase-sensitive and resistant to both agents respectively. 
Therefore, although (.-asparaginase is commonly used for the 
treatment of adult ALL, NK-cell tumour samples were much 
more sensitive to this agent than ALL samples. Our results 
strongly indicate that i -asparaginase should be included in the 
treatment regimen for NK-cell leukaemia/lymphoma. The vast 
majority of the patients with chronic NK lymphocytosis have 
long-term survival without any treatment (Tefferi et al, 1994). 
Furthermore, our results showed poor- response of chronic NK 
lymphocytosis to two representative anti-tumour agents of 



© 2005 Blackwell Publishing Ltd, British Journal of Haematology, 130, 860-868 
PACE 18/22 * RCVD AT 5/14/2007 7:41:12 AM [Pacific Standard Time] ' SVR:SVCS01/1 * DNIS:6034 * CSID:(613) 991-5726 ' DURATION (mm-ss):22-56 



From (613) 991-5726 Order # 06859215DP05739765 Mon 14 May 2007 10:55:18 AM EDT Page 7 of 



Apoptosis of NK-cell Tumours by i.-Asparaginase 



Tabic II. Asparagine synthetase expression and in vitro sensitivity to I -asparaginase. 













Apoptotic 












cell percentage after 




Patient no. 


Diagnosis 


AS mRNA (AS/GAPDH) 


AS immunostaining 


L-asp treatment (%) 


r ;; • 


1 


Nasal-type NIC-cell lymphoma 


0043 


Positive 


<15 




2 


Nasal-type NK-ccll lymphoma 


0075 


Negative 


< 15 




3 


V t - kit* 11 1 t 

Nasal-type NK-ccll lymphoma 


0016 


Negative 


>25 


10 


4 


Nasal-type NK-ccll lymphoma 


0-003 


Negative 


>25 


P- 


5 


Aggressive NK-cell leukaemia 


0054 


Positive 


>25 


t.vj'.'i - ■ 


6 


Aggressive NK-ccll leukaemia 


0064 


Positive 


>25 




7 


Rlastic NK-ccll lymphoma 


007 


Negative 


>25 


fa 


8 


Rlastic NK-ccll lymphoma 


0131 


Negative 


>25 


9 


Chronic NK lyniphocyTosis 


0075 


Negative 


<15 


i ' 


10 


Chronic NK lymphocytosis 


0055 


Negative 


<15 




11 


Chronic NK lymphocytosis 


NO 


ND 


<15 




12 


Chronic NK lymphocytosis 


0-041 


Negative 


<15 




13 


Chronic NK lymphocytosis 


0086 


Negative 


<15 




14 


Chronic NK lymphocytosis 


0072 


Negative 


<15 




15 


Chronic NK lymphocyrosis 


0-074 


Negative 


<15 


■id-u : . 


16 


Chronic NK lymphocytosis 


0-072 


Negative. 


<r 5 


.*^o.;v ■ 

*•.*■:'•:- 


17 


Chronic NK lymphocytosis 


0-028 


Negative 


<15 




18 


Chronic NK lymphocytosis 


0054 


Negative 


<I5 




19 


Acute lymphoblastic, leukaemia 


. O-03 1 


ND 


<15 




20 


Acute lymphoblastic leukaemia 


0 062 


Negative 


<15 




21 


Acute lymphoblastic leukaemia 


0-009 


Negative. 


<15 




U 


Acute lymphoblastic leukaemia 


0008 


Positive 


<13 




23 


Acute lymphoblastic leukaemia 


0013 


Positive 


<15 


Ilk 


24 


Acute lymphoblastic leukaemia 


0029 


Negative 


•CIS 


ic v .:- v ; , 


Cell line. 












K562 


Erythroblastic transformation from CMT. 


0-968 


Positive 


<15 




hirkat 


Acute lymphoblastic leukaemia 


001 


Negative 


<I5 


1',' •. 


NK-92 


Aggressive NK-cell leukaemia 


0-003 ■ 


Negative 


>25 - 




NK-YS 


Nasal-type NK-ccll lymphoma 


00002 


Negative ' 


>25 



Asparagine synthetase mRNA expression leycl (AS/OAPDH), asparagine synthctuse immunostainingi corrected apoptotic cell percentage of samples 
and apoptotic cell percentage of cell lines and apoptotic cell percentage of cell lines treated with 10 TU/ml of i.-asparaginasc for 24 h are shown. 
Apoptotic cell percentage was divided into two groups: <15% and >25%. 



different mechanism of action. We should avoid anti-rumour 
treatment to patients with chronic NK lymphocytosis. High 
levels of asparagine synthetase mRNA expression in chronic 
NK lymphocytosis may cause the apparent L-asparaginase 
resistance. 

Two-dimensional plotting with asparagine synthetase 
mRNA level and L-asparaginase sensitivity showed that each 
disease entity occupied a distinct region in the scheme (Fig 3). 
Samples of nasal-type NK-cell lymphoma were distributed in a 
rather elongated ellipse, which shows the inverse correlation 
between asparagine synthetase mRNA levels and in vitro 
L-asparaginase sensitivity in this disease entity. Furthermore, 
although the sample number was only four, these two 
parameters and asparagine synthetase immunostaining were 
interrelated with the clinical response to L-asparaginase. 
Indeed, patient 1, whose tumour cells were extremely resistant 
to L-asparaginase in vitro and showed high levels of asparagine 
synthetase mRNA and protein expression, responded very 
poorly to L-asparaginase, and the overall survival was only 



.4 months (Table 1). AIL cells were resistant to in vitro 
L-asparaginase treatment in spite of relatively low asparagine 
synthetase mRNA levels. In aggressive NK-cell leukaemia and 
blastic NK-cell lymphoma, although asparagine synthetase 
mRNA levels were high, L-asparaginase induced considerable 
apoptosis in vitro. The two cases of aggressive NK-cell 
leukaemia were positive for asparagine synthetase immuno- 
staining, which confirmed that asparagine synthetase expres- 
sion is really high in these cases. We could explain the 
sensitivity of these samples to L-asparaginase by glutamine- 
deprived cell shrinkage-dependent apoptosis, which is inde- 
pendent of asparagine synthetase expression (Fumarola et al, 
2001). Recent studies on paediatric ALL showed that aspara- 
gine synthetase mRNA expression is linked with L-asparaginase 
resistance only in '/'t'L-AMLi-negative but not -positive ALL 
(Remarkers-van Woerden et al, 2000; Stams et al, 2003, 2005). 
Therefore asparagine synthetase level alone should not deter- 
mine sensitivity to L-asparaginase at least in some subtypes of 
haeinalologic.il malignancies. 



V 
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* Nnsil-Dpr NK-ctll lymphoma 
» Asgressl« NK-cetl biikarmln 
» Blasltc NK-ttU lyniphuma 

0 Chronic NK lymplweytous 

1 Acute h-mphnhtuslk leukaemia 




Apoptotic cell percentage (.%) 



Apoptotic cell percentage (%) 



Fig 3. Asparagine synthetase mRNA expression ktbiis in vitro L-asparaginase sensitivity in patient samples. Correlation between asparagine synthetase 
mRNA level and in vitro apoptotic cell percentage after treatment with 10 ll.'/ml of L-asparaginasc for 24 h in NK-ccll tumour, chronic NK 
lymphocytosis and ALL samples. 




5a* 



., .-. . 4 , if 





Fig 4. Immunoliistochcmical detection of asparagine synthetase protein in cefl lines and NK-cell tumours. (A) Positive control (K562 cells), (D) 
negative control (NK-92 cells). (C) nasal-type NK-ceU lymphoma (patient 1), (D) aggressive NK-cell leukaemia (patient 5), (F.) nasal-type NK-cell 
lvinphonia (patient 2), (F) elastic NK-cell lymphoma (patient 7). Original magnifications are X400 for A and B, and x200 for C-F. 



In this report, we confirmed a rather specific anti-tumour 
activity of r.-asparaginase against NK-cell tumours in vitro. 
This result provides an experimental background to the clinical 
use of t.-asparaginase for NK-cell tumours. Furthermore, 



during this study concerning u-asparaginase sensitivity, we 
made the following observations, (i) At least in nasal-type NK- 
cell lymphoma, there was a good correlation among asparagine 
synthetase expression, in vitro sensitivity and clinical response 
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to L-asparaginase. (ii) In aggressive NK-ccll leukaemia, 
although asparagine synthetase expression was high, L-aspar- 
aginase induced considerable apoptosis in vitro, (Hi) Hath 
disease entity occupied a distinct area in the two-dimensional 
plot widi RQ-PCR of asparagine synthetase and in vilro 
TUNEL assay. We expect to perforin more detailed studies 
with larger number of samples to confirm these findings in the 
future. 
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ABSTRACT 

Matrix metalloproteinase-1 (MMP-1) and tissue matrix metalloproteinase inhibitor 1 (TIMP-1) play an impor- 
tant role in remodeling the extracellular matrix in normal and pathological processes. The effect of phorbol-myris- 
tate acetate (PMA), interleukin-1 (IL-1), and tumor necrosis factor-a (TNF-er) on MMP-1 and TIMP-1 expres- 
sion was studied on highly purified thyrocytes and undifferentiated 8505 C, C 643, HTh 74, SW 1736 thyroid 
carcinoma cells compared with thyroid-derived fibroblasts. Messenger RNA (mRNA) levels were monitored by 
competitive semiquantitative reverse transcriptase polymerase chain reaction (RT-PCR) after 24 hours. Culture 
supernatants were assayed for free and/or complexed MMP-1 and TIMP-1 after 48 hours using enzyme-linked 
immunosorbent assay (ELiSA) systems (detection limit: <2 ng/ml). MMP-1 and TLMP-1 mRNA were present in 
all cell types, although thyrocytes showed MMP-1 mRNA levels near the detection limit. 8505 C expressed MMP- 
1 mRNA levels of up to 10* times those of the other cells analyzed. PMA and LL-1 increased MMP-1 mRNA in 
most cell types. TLMP-1 mRNA increased after treatment with PMA in all cells except 8505 C, whereas only 
slight effects were shown after LL-1 stimulation. MMP-1 protein was undetectable in normal thyrocyte cultures, 
but was secreted spontaneously by all cell lines ([ng/mL]; C 643: 15 ± 7; HTh 74: 81 ± 1; SW 1736: 13 ± 2; 
8505C: 2097 ± 320); There was a strong correlation between levels of MMP-1 mRNA and protein (r= 0.99, 
p < .0001). PMA and LL-1 increased MMP-1 secretion in all cell types after 48 hours. Fibroblasts ([ng/mL] 517 ± 
55) and the cell lines (C 643: 142 ± 48; HTh 74: 115 ± 13; SW 1736: 202 * 14; 8505 C: 120 ± 19) secreted 
TIMP-1 in unstimulated cultures, whereas only a trace amount was detected in thyrocyte cultures, even after PMA 
treatment. LL-1 upregulatcd TIMP-1 secretion after 48 hours in SW 1736, HTh 74, and C 643 cells. Our data 
suggest that in contrast to normal thyrocytes, dedifferentiated thyroid carcinoma cell lines are potential produc- 
ers of MMP-1 as well as TIMP-1. High MMP-1 or MMP-l/TLMP-1 expression may play a role in tissue inva- 
sion of undifferentiated thyroid cancer cells. 



INTRODUCTION suppressed on external stimulation, ie, with cytokines, 

phorbol 12-myristate 13-acctate (PMA), lipopolysaccaridc • 

Matrdc metalloprotetnases, (MMPs) constitute a (LPS), or retinoic acid (2,3). After secretion at post-tran- 

family of structurally related proteolytic enzymes re- scriptional level, latent MMP proenzymes are regulated by 

sponsible for the proteolytic degradation of extracellular proteolytic activation and interaction with tissue inhibitors 

matrix (ECM) components. They are important partici- of matrix metalloproteinase (TIMPs), their specific in- 

pants in normal tissue remodeling and contribute to the hibitors. Any imbalance between the proteolytic MMPs ac- 

phenorype of several pathological conditions that are as^ tivities and the TIMPs that could be influenced and caused 

sociated with progressive ECM degradation. MMPs are by cytokines could potentially lead to pathological condi- 

highly regulated at different levels (1). At the transcrip- tions (4). 

tional level, MMP expression can be directly induced or MMP-1, although known as an interstitial collagenase, 

Mnsiitur of Anaiomy, department of Internal Medicine III, and 3 Institutc of Clinical Chemistry and Paihobiochemisiry, University of 
Leipzig, Germany. 'Department of Endocrinology, University of Duesseldorf. 
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is the only enzyme active at neutral pH that can degrade 
extracellular fibers comprised of collagen types I, II, and 
III. With this initial step, MMP : 1 provides the cleavage 
products to other collagenase types (5). The major specific 
inhibitor of MMP-1 is TIMP-1, a 28.5-kd glycoprotein, 
which forms 1:1 stoichiometric complexes with the pro- 
tease (6). Cytokines and growth factors have been shown 
to regulate the expression of both MMP-1 arid TIMP-1 
(1,7,8). 

Although the participation of MMP-1 as the initial col- 
lagenase in tissue breakdown during tumor development is 
well documented (9-11), only one study has described the 
expression (12) but no study has as yet investigated the reg-: 
ulation of this enzyme indifferent thyroid tumors. Few stud- 
ies have been published investigating the role of other 
MMPs in normal and pathological thyroid tissue by m situ 
hybridization and irnmunohistochemistry (13-16). Fur- 
thermore, tissue remodeling includes both the action of 
MMPs and their inhibitors; thus, these enzymes could be 
involved in autoimmune and other nonautoimmune thyroid 
diseases during morphological changes (17,1 8). It is still un- 
known whether or not thyrOcytes are able to express MMPs 
and TIMPs. Although type IV collagenases (MMP-2 and 
MMP-9) were detected in, various human epithelial cells of 
different tissue origin (19,20), only one study described the 
secretion of MMP-1 by epithelial cells (21). 

Highly purified normal thyrocytes and four thyroid car- 
cinoma cell lines were included in this study to investigate 
the involvement of these cells in MMP-1 and TIMP-1 pro- 
duction during thyroid tissue remodeling processes and in 
malignant thyroid neoplasms. MMP-1 and TIMP-1 ex- 
pression were studied at both the mRNA and protein level 
by semiquantitative RT-PCR and EL1SA measurement, re- 
• spectively. 

In unstimulated carcinoma cell lines both MMP-1 and 
TIMP-1 mRNA were expressed, partly at a high level, fol- 
lowed by the spontaneous secretion of the proteins. The 
various conditions for the stimulation of the different cell 
lines by cytokines and PMA were defined. In contrast to 
the cell lines, normal thyrocytes did not secrete MMP-1 
and only trace amount of TIMP-1, even after stimulation 
with PMA: 



MATERIALS AND METHODS 

Preparation of tissues, thyroid-derived cells, and 
cell lines 

Thyrocytes were prepared from surgical thyroid speci- 
mens from 3 patients (1 Graves' disease, 2 nontoxic goi- 
ter; mean age 54.3 i 5.0 years). Fibroblasts were separated 
from thyroid tissue of 5 other patients (3 Graves' disease, 
2 nontoxic goiter; mean age 43.6 ± 6.4 years). Graves' dis- 
ease and nontoxic goiter were diagnosed on the strength 
of clinical, biochemical, and immunologic features as well 
as thyroid scintiscans. 

Thyroid tissue was trimmed of fat and connective tissue 
immediately after surgery. Thyroidrderived cells were en- 
riched after gradual enzymatic digestion of tissue and cul- 
tured over a period of 16 hours as described. Thyrocytes 
were obtained from the adherent fraction by incubating 
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the cell monolayer with phosphate buffered saline (PBS) 
without Ca 2 "/Mg 2+ for 45 minutes (22). Residual fibro- 
blasts were removed after subsequent incubation of the 
cells with the fibroblast-specific mab FibASOl (22) and 
goat anti-mouse IgG-DYNABEADS® M450 (DYNAL, 
Hamburg, Germany) according to the manufacturer's, pro- 
tocol.. 

. Thyroid-derived fibroblasts were obtained after culturing 
small pieces of thyroid tissue in Dulbeccos's Modified Ea- 
gle's Medium (DMEM) with 10% fetal calf serum (FCS) 
and harvested in the 5th to 7th passage. The purity of the • 
thyrocytes and fibroblasts was determined by using indirect 
immunofluorescence technique on a FACS-Scan (Becton 
' Dickinson GmbH, Heidelberg, Germany) as described (22). 

The following human anaplastic thyroid carcinoma cell 
lines were cultured in DMEM with 10% FCS: C 643 (23); 
SW 1736 (23); and HTh 74 (24). The cell line 8505 C (25) 
was purchased from the German Collection of Microor- 
ganisms and Animal Cell Cultures (DSM ACC219). This 
cell line was established from a primary thyroid tumor 
characterized histologically as a undifferentiated carcinoma 
that was partially composed of poorly differentiated pap- 
illary cells (25). This is a feature of a subgroup of anaplas- 
tic carcinoma (26): The majority of these coexistent better- 
differentiated carcinoma foci in anaplastic carcinoma were 
papillary (26). 

In vitro cultures . 

Using 24- well plates, 1 X 10 s cells were cultured for 24 
hours. The medium was aspirated and replaced with 500 
fiL OPTI-MEM (G1BCO BRL, Grand Island, NY) without 
FCS to eliminate possible stimulation of MMP-1 and 
TIMP-1 production by FCSJ The medium contained the 
desired concentration of human IL-lor(10 U/ml; Pepro 
Tech EC Ltd., London, UK), TNF-ct (100 U/mL; Pepro 
Tech EC Ltd.), interferon-y (IFN--y) (500 U/mL; Pepro 
Tech EC Ltd.), or 10 ng/mL PMA (SIGMA). 

Triplicate cultures of each stimulator were analyzed af- 
ter 3, 6, and 24 hours at the mRNA and after 24 and 48 
hours at the protein level. The supernatants were removed 
and stored at — 80*C for further use. First, a collagcnolytic 
assay based on the digestion of type I collagen was per- 
formed. This method showed direct evidence of free pro- 
MMP-1 enzyme in the cell culture supernatants of un- 
stimulated and IL-lor stimulated 8505 C, HTh 74, and 
C634 cells (data not shown). However, the method does 
hot allow quantitation of MMP-1 enzyme activity. Thus, 
the cell culture supernatants were assayed for MMP-1, 
TIMP-1, and MMP1/T1MP-1 complex by EL1SA (Amer- 
sham Life Sciences, Braunschweig, Germany). The MMP- 
1 assay (sensitivity: 1.7 ng/mL) detected only total human 
MMP-1, ie, free MMP-1 and MMP-1 complexed with in- 
hibitors such as TIMP-1. It did not detect MMP-1 bound 
by the nonspecific protease inhibitor or 2 -macroglobulin. 
The MMP-I/TIMP-] assay (sensitiviry: 1.5 ng/mL) de- 
tected MMP-1 /TIMP-1 complex, ie, activated MMP-1 that 
has been subsequently complexed with the specific MMP- 
1 inhibitor TIMP-1. It did not detect free active MMP-1, 
free TIMP-1, or pro-MMP-1. There was no cross-reactiv- 
ity with active MMP-1 bound by the nonspecific protease 
inhibitor o 2 -macroglobulin. The TIMP-1 assay (sensitivity: 
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1.25 ng/mL) detected total human TIMP-1, ie, free TIMP- 
1 and that complexed with MMPs. The assay did fully 
cross-react with TIMP-1 in complexes with other MMP.. 
It did not cross-react with TIMP-2. 

RNA extraction and cDNA synthesis 

For gene expression studies, 5 mL RNAzolJ* 4 B (Biotex 
Laboratories Inc., Houston, TX) was added to the cell cul- 
ture wells. The content of three wells of any cell type was 
pooled and then stored frozen for further mRNA analysis 
in liquid nitrogen. Total cellular RNA (cDNA) was iso- 
lated from the probes according to the manufacturer's pro- 
tocol. RNA was fractionated on a denaturing 1 .0% agarose 
gel and stained with ethidium bromide to confirm that 
spectrophotometric measurements were accurate and that 
the RNA had not been degraded. Five micrograms total 
RNA was reverse-transcribed to cDNA using the First- 
strand cDNA synthesis kit of Pharmacia (Uppsala, Swe- 
den), in a total reaction .volume of 15 fiL. 

mRNA analysis by competitive RT-PCR 

To correct for variations, across different cDNA prepa- 
rations, all samples were first adjusted to contain equal in- 
put gIyceralderyde-3-phosphate dehydrogenase (GAPDH) 
cDNA concentrations. Semi-quantitative GAPDH RT-PCR 
was used with a heterologeous synthetic competitor frag- 
ment. The generation of the specific PCR products from 
the competitor and the cDNA with the GAPDH primers 
were published earlier (22^27). 

We then estimated the MMP-1 and TIMP-1 cDNA in 
these adjusted samples. The primers were selected using the 
DNAsis computer program (Hitachi Software Engineering 
Co, Yokohama, Japan). The primer pairs span one or more 
introns to allow unambiguous discrimination between 
cDNA and unwelcome contaminating genomic DNA. In 
quantising MMP-1 and TIMP-1 cDNA, a rapid one-step 
method was introduced to synthesize an internal homolo- 
. geous competitor (plan diagram of procedure: Fig. 1, ex- 
emplary for MMP-1 [28]. A hybrid primer was synthesized 
(MMP-lhy) that consisted of two segments (segi, segz). It 



MMP 11 



PCR 



478 bp 



j^' s eq,: . ' ' 

MMPIhy ^ MMPIr 

I 82 bp 



MMPl internal homologeous competitor 



HG. 1. Genera) scheme for generating homologous com- 
petitors used for quantitative PCR. 



had a length of .40 nucleotides, in which 20 nucleotides (seg,) 
at the 3' end corresponded to the opposite strand of the tar- 
get sequence a predetermined distance from primer MMP- 
lf, and 20 nucleotides at the 5' end (scg2 = MMP-1 r) that 
corresponded to the target sequence upstream from the seg- 
ment seg|. Amplification with the primers MMP-lf and 
MMP-lhy from the cDNA resulted in a 478-base pair (bp) 
(polymerase chain reaction (PCR) product. It was freed from 
excess primers and deoxynudeoside-triphosphates (dNTPs) 
using the Qiaquick Gel Extraction Kit (Qiagen GmbH, 
Hilden, Germany) and quantified. A known number of 
copies of the competitor was introduced in the GAPDH-ad- 
justed samples and amplified with the primers MMP-lf and 
MMP-lr. With this approach, two products were generated, 
one derived from the cDNA (560 bp) and another, 82 bp 
smaller in size derived from the internal competitor (Fig. 1). 
PCR products were resolved by gel electrophoresis (1.5% 
agarose gel). The relative amounts of sample cDNA and 
competitor were quantified by measuring the intensity of 
ethidium fluorescence with a CCD image sensor and ana- 
lyzing the data with the EASY program (Herolajb, Wiesloch, 
Germany). The initial amounts of sample cDNA and com- 
petitor were assumed to be equal in those reactions where 
the ratio of the two products was judged to' be equal. This 
was expressed in arbitrary units (AU) (22,29). One AU was 
defined as the lowest concentration of competitor yielding 
a detectable amplification product when added to PCR 
alone. For example, if equivalence between sample cDNA 
and competitor was reached using a 100- fold concentrated 
competitor the relative sample cDNA concentration was 100 
AU. Thyrocytes and the cell lines were analyzed for the ex- 
pression of thyroid-specific and cytokine receptor rnRNAs 
in a simple RT-PCR. The sequences of the TPO and cy- 
tokine receptor primer pairs have been published by Wat- 
son et al. (30) and Tada et al. (31) and gave the following 
product sizes: TPO: 506 bp; 1L-1R type 1 (p80):300 bp; IL- 
1R type D (p68): 392 bp; TNF-aR (p75): 324 bp; TNF-aR 
(p55): 587 bp and IFN-yR: 899 bp. The thyrogjobulin (Tg) 
and thyroid stimulating hormone receptor (TSH-R) primer 
pairs were selected according to the published sequences us- 
ing the DNAsis program (Table 1 ). 

Each 25-fiL amplification, reaction contained 2.5 /iL 
10 X concentrated PCR buffer (15 mM MgCI 2 , Boehringer 
Mannheim, Germany), 0.3 U Taq DNA polymerase 
(Boehringer Mannheim, Germany), 100 /iM dNTPs 
(Perkin Elmer, Weiterstadt, Germany), 0.1 fiM of each 
' primer (1MB, Jena, Germany), and 1 u,L cDNA and com- 
petitor in adjusted dilution. Furthermore, restriction map- 
ping (restriction enzymes: Boehringer Mannheim GmbH, 
Germany) was carried out to confirm the originality of the 
PCR product (Fig. 1, Table 1). 

Statistics 

Protein levels of thyrocyte or fibroblast cultures from the 
different patients and of the thyroid carcinoma cell lines ob- 
tained from three separate experiments were presented as 
mean 2; SEM values. Statistical comparisons between un- 
stimulated and stimulated cell cultures were performed by 
the alternate (Welch) t-test. The correlation between basal 
mRNA levels and the unstimulated protein secretion in all 
cell types was calculated according to the Spearman method. 
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Table 1. Primers, Length of Amplified Templates, Restriction Mapping and Assay Conditions for RT-PCR 



Primer 



5'- 



■ Length of Length of Annealing . Number of 
-3' cDNA (bp) competitor (bp) temperature cycles 



Tg 


forward 


GCAGATCTTACTGAGTGGCT 


416 




60 


35 


reverse 


TGTCAGCACAGTGGCAATAC 










TSH-R 


forward 


ACTTGCTGCAGCTGGTGCT 


354 




65 


35 


exons 1-4 


reverse 


TGAGGGCATCAGGGTCTATG 










TSH-R 


forward 


GAAATTCGGAATACCAGGAACTTA ACT 


896 




53 -" 


.35 . 


exons 4-10 


reverse 


AACTC^TCGGACITCXKjGGTACA 










MMP-1 


forward 
reverse . 
hybrid 


tgggagcaaacacatctgac 
aTcacttctccccgaatcgt 
atcacttctccccgaatcgt 
ccatatatggcttggatgcc 


560 


478 


64 


33 


TIMP-1 


forward 
reverse 
hybrid 


CTTAGGGGATGCCGCTGACA 
GGCAGGCAGGCAAGGtGACG 
GGCAGGCAGGCAAGGTGACG 
GGATGGATAAACAGGGAAAC 


351 


274. 


64 


30 



Tg indicates thyroglobuline; TSH-R, thyroid stimulating hormone receptor; MMP-1. matrix metalloproteinase-1; TIMP-1, tissue inhibitor of 
metalloproteinase- 1; bp, base pair. 



RESULTS 

Thyroid specific and. cytokine receptor ■ " 
mRNA expression 

Isolated thyrocytes as well as 8505 C cells expressed Tg 
and thyroperoxidase (TPO) mRNA, whereas transcripts of 
the TSH-R (exons 1-4, 354 bp, exons 4-10, 896 bp) were 
present only in the thyrocytes. The three anaplastic thy- 
roid carcinoma cell lines SW 1736, C 634, and HTh 74 
were completely negative for the Tg, TPO, and TSH-R mR- 
NAs (Fig. 2). All cell lines and thyrocytes expressed IL-1R 
(type I and type U), TNF-aR (p75 and p55) and IFN-yR 
mRNA (Fig. 2). 

Basal MMP-1 and TIMP-1 mRNA and 
protein expression 

In most stimulation experiments, mRNA levels did not 
increase until 24 hours of incubation. The 24-hour mRNA 
levels are. shown in Figures 3 and 4. The 3- and 6-hour 
levels are demonstrated in those experiments where the 
mRNA levels reached their peak before 24 hours of stim- ' 
ulation. If not otherwise indicated, the MMP-1 levels were 
measured using the EL1SA system, which recognizes 
free/complexed MMP-1. 

MMP-T and TIMP-1 mRNA were found during un- 
stimulated culture in all investigated cell types, although 
the mRNA levels varied over a great range; 8505 C showed 
a basal MMP-1 mRNA level 20 times as high as those of 
the HTh 74 cells, 6x10* times as high as C 643, and 2 X 
10* times as high as SW 1736 cells. In thyrocytes, MMP- 
1 mRNA levels were found near the detection limit (Figs. 
3 and 4). 

Generally, when analyzing the noted cell types, the mea- 
sured basal MMP-1 or TIMP-1 mRNA levels correlated 
well with the basal protein expression (MMP-1 : r = 0.99, 
p < 0001;T1MP-I:r = 0.98, p < .002). Corresponding to 
the high MMP-1 mRNA level, 8505 C cells secreted ex- 
tremely high levels of MMP-1 . No MMP-1 or TlMP-l was 



detected in unstimulated 'thyrocyte cultures, at any time- 
point examined. All other cell types showed a spontaneous 
MMP-1 and TIMP-1 secretion (Figs. 5 and 6). Thyroid- 
derived fibroblasts produced basal TIMP-1 levels of up to 
4 times higher in the four carcinoma cell lines, which se- 
creted nearly the same amounts of basal TIMP-1 protein. 
Nevertheless, TIMP-1 secretion of fibroblasts was found 
at lower levels than expected after TIMP-1 mRNA rnea- 
• surement in 4 of 5 analyzed patients. The results of the fi- 
broblast cultures from patient five showing a higher TIMP- 
1 expression than those from the 4 other patients (basal 
24 hour: 50 ± 2; PMA 24 hour: 90 ± 6 ng/mL TTMP-1) 
was omitted in Figure 6. 

Comparing the basal amount of free/complexed and 
TIMP-1 completed MMP-1 after 24 hours of stimulation, 
a significant level of MMP-1 was not completed with 
TIMP-1 in 8505 C cultures, whereas in fibroblast cultures 
most of the MMP-1 activity was inhibited by TIMP-1. The 
anaplastic carcinoma cell line HTh 74 did riot show such 
a great discrepancy between free/complexed and TIMP-1 
complexed MMP-1 level as 8505 C cells (Fig. 7). 

Effects oflL-la on MMP-1 and TIMP-1 mRNA and 
protein expression 

Experiments were performed to determine whether hu- 
man thyroid epithelial cells and thyroid carcinoma cell lines 
could produce or increase basal MMP-1 and TIMP-1 se- 
cretion after exposure to various stimuli. The results from 
these stimulation experiments are summarized in Figures 
3 through 5. Generally, there was a delay in protein se- 
cretion level in comparison to the mRNA expression level. 
At the protein level, the cytokine-mediated stimulating or 
inhibiting effect is more distinct after 48 hours compared 
with 24 hours, even when the mRNA level had already. de- 
creased after 6 hours. 

1L-1 upregulated MMP-1 mRNA in SW 1736-cells up 
to 100 times and, in thyroid-derived fibroblasts, up to' 12 
times after 24 hours of incubation (Fig. 3). This increased 
mRNA level was accompanied by a significandy enhanced 
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TPO 

Tg 

TSH-R 
Exon 1-4 

11-1 -R1 
11-1 -R2 
IFN-7R 
P75TNFR 
p55TNFR 



FIG. 2. Amplification of thyroid specific and interleukin-receptor mRNA in thyrocytes (1), SW 1736 (2), C 643 (3), HTh 
74 (4) and 8505 C (5) cells using RT-PCR; M r = 100-bp ladder (GIBCO). 



MMP-1 secretion after 48 hours. Furthermore, IL-lo in- 
creased MMP-1 mRNA expression in thyrocytes up to 
seven times after 6 hours, but no MMP-1 protein could be 
detected in thyrocyte cultures. IL-1 had no stimulatory ef- 
fect on MMP-1 mRNA expression in C 643, HTh 74, and 
8505 C cells after 24 hours, although a significant increase 
of MMP-1 secretion was found in HTh-74 and SW 1736 
cells after 48 hours of incubation (Fig. 5). This discrepancy 
may be explained by a possible increase in MMP-1 mRNA 
level after 24 hours of stimulation. The same effect could 
also be observed in the IL-1 stimulated T1MP-1 at the 
mRNA as well as the protein level: the only slight effect 
of IL-1 on T1MP-1 mRNA expression in carcinoma cell 
lines after 24 hours was accompanied by a significant in- 
crease of TlMP-1 secretion in 8505 C and HTh 74 cells 
after 48 hours (Figs. 4 and 6). 

Effects of TNF-a on both MMP-l/TlMP-1 mRNA 
and protein expression 

In contrast to IL^l , TNF-a did not stimulate the MMP- 
1 and TlMP-1 mRNA and protein levels in all carcinoma 
cell lines and thyrocytes. Only thyroid-derived fibroblasts 
responded with a slight upregulation of MMP-1 and TIMP- 
1 mRNA expression after TNF-a stimulation, which was 
not accompanied by an increase of MMP-1 and TIMP-1 
secretion. 



Effects of PMA, and lFN-y on MMP-1 and TIMP-1 
mRNA and protein expression 

PMA was included in our study as a positive control 
because it is known to upregulate or induce both MMP- 
1 and TIMP-1 secretion in various cell types (1,32). In- 
deed, PMA was able to induce or enhance MMP-1 
mRNA levels in all cell types investigated, although the 
detected levels varied to a large extent (Fig. 3). This re- 
sult is in good correlation with the significantly increased 
MMP-1 protein levels that were already detectable after 
24 hours of stimulation (Fig. 5). PMA upregulated TIMP- 

1 mRNA levels by up to 20 times in C 643, and up to 

2 times in SW 1736 and HTh 74 ceils/ fibroblasts and 
thyrocytes, but it did not change the TIMP-1 mRNA con- 
tent in 8505 cells (Fig. 4). At the protein level, we found 
a significant stimulation of TIMP-1 secretion in C 643 
and HTh 74 cells, as well as in thyroid-derived fibrob- 
lasts (Fig. 6). 

In contrast to PMA, IFN-y was without effect on stim- 
ulation or downregulation of MMP-1 and TIMP-1 mRNA 
or protein in anv of the cell types investigated (Figs 5 and 
6). ' . 

The main inhibitor of MMP-1 is TIMP-1, which forms 
1:1 stoichiometric complexes with MMP-1, although some 
other inhibitors can also bind MMP-1. On the other hand, 
TIMP-1 can bind other MMP types. 
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FIG. 3. Representative samples of competitive amplified MMP-1 mRNA of thyrocytes, thyroid-derived fibroblasts and thy- 
roid carcinoma cell lines without stimulation (control) and after stimulation with 10 U/mL IL-lo and 100 U/mL TNF-or and 
10 ng/mL PMA after 24 hours. Serial dilutions of known amounts of the competitor fragment were coamplified with identi- 
cal aliquots of cDNA. The 560-bp (cDNA) and 478-bp (competitor) PCR products were visualized by agarose gel electrophoresis 
and ethidiumbromide staining. The relative concentration of the added competitor was given in arbitrary units (AU) in the 
figure. One AU was defined as the lowest, concentration of the competitor yielding a detectable amplification for MMP-1 
mRNA. The ratio of competitor to cDNA fragments was determined by measuring the intensity of ethidium fluorescence with 
a CCD image sensor and analysis of data. Measured cDNA concentration can expressed in AU. 
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DISCUSSION 

Our findings demonstrate for the first time that thyroid 
carcinoma cell lines are able to express MMP-1 and TIMP- 
1 mRNA and protein at significant levels in vitro. The ob- 
servation of spontaneous release of MMP-1 and TIMP-1 
corresponds well with earlier studies covering the secretion 
of these proteins by several carcinoma cell lines (33,34). 

However, in contrast to its clear physiological function 
in extracellular matrix breakdown, the role of MMP-1 in 
tumor growth and metastases is still controversial 
(9-11 ,35). Recently, Murray et al. (10) demonstrated that 
MMP-1 is associated with poor prognosis in colorectal can- 
cer, and has a prognostic value independent of the Dukes 
stage. Therefore, MMP-1 could be a target for therapeu- 
tic intervention in such tumors. Furthermore, the hypoth- 
esis of whether or not cancer cells themselves are able to 



produce MMP, or whether cancer cells stimulate the sur- 
rounding stromal cells to secrete MMP in vivo, is disputed. 
MMP-1 mRNA and' protein were detected by both in situ 
hybridization and immunohistochemistry in stromal as 
well as tumor cells of' head, neck, gastric, colorectal, and 
mammary carcinomas (9,10,36,37). In contrast, 
Kameyama (12) demonstrated by in situ hybridization that 
the MMP-1 mRNA was hot expressed in the cancer cells., 
but in the surrounding fibrous" capsules of strongly differ- 
entiated papillary thyroid carcinoma tissue. Highly differ- 
entiated follicular carcinomas and follicular adenomas 
were depleted for MMP-1 transcripts. Undifferentiated fol- 
Iiculary, papillary, and aggressive anaplastic carcinomas 
that showed poor prognosis and strong tumor invasive and 
metastatic potential and that can be compared in their 
morphological, genetic and growth features with undiffer- 
entiated thvroid carcinoma cell lines were not included this 
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FIG. 4. Competitive TIMP-1 mRNA RT-PCR yielding a 351-bp (cDNA) and a 274-bp (competitor) PCR product. For fur- 
ther details see Figure 3. ■ r ' 



study. However, the missing expression of MMP-1 by nor- 
mal thyrocytes and the spontaneous secretion of this pro- 
tein by highly malignant thyroid carcinoma cell lines, as 
demonstrated in our study, indicate the. : involvement of 
MMP-1 secretion of transformed thyrocytes in aggressive 
thyroid tumors. 

Although all cell lines analyzed in our study sponta- 
neously secreted MMP-1, we observed marked differences 
in the basal secretion capacity. The highest MMP-1 levels 
were determined in cultures of 8505 C cells. Only 8505 C 
cells expressed TPO and Tg mRNA that may be put down 
to residual differentiated components in the cell line (see 
Materials). However, none of the analyzed cell lines ex- 
pressed TSH-R mRNA. The cell population doubling times 
were, less than 40 hours. All cell lines had accumulations 
of multiple genetic events. These facts indicate the undif- 
ferentiated pathology of the studied lines. It is well known 
that anaplastic carcinoma cell lines well retain the malig- 
nant characterises of their parenral'tumors (38—40). 

Furthermore, we found a distorted proportion between 
MMP-1 and TIMP-1 mRNA/protein for carcinoma cell 
lines but not for normal thyroid-derived fibroblasts. The 
most disadvantageous constellation between MMP-1 and 
TIMP-1 was found in 8505 C cells. Similar to other stud- 
ies (41), these results suggest the influence of an altered 
MMP/T1MP relation on tumor progression. However, it 



should be mentioned that most studies, including the pre- 
sent. one, do not take into consideration that a number of 
inhibitors distinct from TIMP-1 may regulate MMP-1 ac- 
tivity. Taking into account that the balance of active en- 
zyme and TIMP-1 concentration strongly influence the ex- 
tent of local matrix degradation, a number of studies 
showed unexpectedly high levels of TIMP-1 in malignant 
neoplasms (9,42,43). There is a great discussion as to 
whether the overall expression of MMP-1 and TIMP-1 or 
the amount of noncomplexed MMP-1 could be critical in 
aggressive tumor development. "This fact underlines the na- 
ture of tissue breakdown, reflecting the complicated net- 
work- of selective and coordinated production of individ- 
ual proteinases and inhibitors under normal' and 
pathophysiological conditions. Thus, the invasive and 
metastatic potential of thyroid tumors depends on the lo- 
cal net level of active MMPs. 

The synthesis of MMP-1 and TIMP-1 is influenced by a 
variety of biochemical stimuli. The recent findings on 
MMP-1 and TIMP-1 gene promoters are useful in under- 
standing the complex mechanisms implied in the regula- 
tion of MMP synthesis modulated by cytokines and tumor 
promoters (34,44,45). The promoter regions contain tu- 
mor promoter responsive elements (TRE) and binding mo- 
tifs for the transcription factor PEA-3, which are recog- 
nized by proto-oncogenic transcription factors, such as. the 
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FIG. 7. Comparison between (i) free/complex and (ii) TIMP- 
1 complexed MMP-1 levels, and (iii) T1MP-1 levels in super- 
natant* of unstimulated 8505 C and HTh 74 cells, and thy- 
roid-derived fibroblasts after 24 hours using a (i) MMP-1 
ELISA that recognizes total MMP-1 (see Figure 5). The (ii) 
MMP-l/TIMP-1 assay recognizes MMP-1/T1MP-1 complexes, 
ie, activated MMP-1 that has subsequently been complexed 
with the specific MMP inhibitor 'TIMP-1. The (iii) TIMP-1 
ELISA recognizes total TLMP-1, ie, free TIMP-1 and that com- 
plexed with MMPs. 



fos and jun family (45-47). IL-1, TNF-or, and PMA up- 
regulate proto-oncogenes like fos and jun, resulting in the 
stimulation of MMP-1 and TIMP-1 (45,48). The action of 
the cytokines is mediated by their specific receptors. In our 
study, IL-1R (type I and type H), TNF-aR (p75 and pJ5) 
and IFN--yR mRNAs were demonstrated in all investigated 
cell types. PMA and IL-1 were shown to elevate MMP-1 
and TIMP-1 in nearly all cell types investigated, thus con- 
firming the results of several studies on other epithelial cells 
(reviewed in refs. 1,7,49). In 'the majority of experiments, 
we found a concordant expression of MMP-1 and TLMP- 
1 after stimulation, possibly achieved by the coordinated 
actions of the nuclear Transcription factors, although MMP- 
1 and TIMP-1 expression can also be independently or even 
reciprocally regulated (1). The effect of TNF-cr was not as 
distinct as in the case of PMA and IL-1, although several 
investigators found a pronounced effect of TNF-a particu- 
larly on TIMP-1 secretion (4,34). In contrast to studies per- 
formed with other cell types (863,864,819), IFN-y did not 
influence MMP-1 and TIMP-1 expression in thyroid carci- 
noma cell lines. In summary, the involvement of the in- 
trathyroidal physiological and pathological cytokine mi- 
croenvironment in the regulation of MMP-1 and TIMP-1 
induction activation and inhibition is strongly suggested. 

Furthermore, the data demonstrate that regular human 
thyrocytes did not produce MMP-1, even after powerful 
stimulation with PMA. Investigating other mammalian ep- 
ithelial cells, only one study revealed the production of 



AUST ET AJL 

MMP-1 by rabbit corneal cells (21). It is yet not clear 
whether the MMP-1 mRNA detected in thyrocytes is due 
to a low level of constitutive transcription of the MMP-1 
gene (illegitimate transcription), an existing pool of stable 
MMP-1 mRNA, or. m vitro induction of MMP-1 mRNA. 
But it seems more likely that residual fibroblasts contained 
in the purified thyrocyte preparation (<fX2%) are respon- 
sible for the slightly positive RT-PCR results. Another ex- 
planation could be that thyrocytes are indeed MMP-1 pro- 
ducers, but the ELISA detection system used was not 
sensitive enough to measure extremely low MMP-1 secre- 
tion levels. Furthermore, the discrepancy between elevated 
TIMP-1 mRNA levels of thyrocytes and the extremely low 
TIMP-1 protein secretion by these cells is difficult to ex- 
plain. Post-transcriptional regulatory events may be re- 
sponsible for this confounding result. 

Taken together, the present study suggests that the in- 
trathyroidal cytokine microenvironment is involved in the 
regulation of MMP-1 and its inhibitor TIMP-1 in the thy- 
roid, and that both proteins may be secreted by dediffer- 
entiated thyroid carcinoma cells and involved in aggressive 
thyroid. tumors in vivo. 
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SUMMARY In this study we examined if an association exists between expression of an al- 
ternatively spliced "embryonic" fibronectin isoform EIIIA (Fn-EIIIA) and o-smooth muscle 
actin (u-SMA) in the maturing and adult rat kidney and in two unrelated models of glomer- 
ular disease, passive accelerated anti-glomerular basement membrane (GBM) nephritis and 
Habu venom (HV)-induced proliferative glomerulonephritis, using immunohistochemistry 
and in situ hybridization. Fn-EIIIA and a-SMA proteins were abundantly expressed in mes- 
angium and in periglomerular and peritubular interstitium of 20-day embryonic and 7-day 
(D-7) postnatal kidneys in regions of tubule and glomerular development. Staining was 
markedly reduced in these structures in maturing juvenile (D-14) kidney and was largely 
lost in adult kidney. Expression of Fn-EIIIA and a-SMA was reinitiated in the mesangium 
and the periglomerular and peritubular interstitium in both models and was also observed 
in glomerular crescents in anti-GBM nephritis. Increased expression of Fn-EIIIA mRNA by in • KEY WORDS 
situ hybridization corresponded to the localization of protein staining. Dual labeling exper- fibronectin 
iments verified co-localization of Fn-EIIIA and a-SMA. showing a strong correlation of stain- alternative splicing 
ing between location and staining intensity during kidney development, maturation, and smooth muscle actin 
disease. Expression of EIIIA mRNA corresponded to protein expression in developing and mesangium 
diseased kidneys and was lost in adult kidney. These studies show a recapitulation of the glomerulonephritis 
co-expression of Fn-EIIIA and a-SMA in anti-GBM disease and suggest a functional link for interstitial nephritis 
these two proteins. (J Histochem Cytochem 47:787-797, 1999) fibrosis 



Activation of mesenchymal cells has been associated 
with a switch to an a-smooth muscie actin (a-SMA) 
phenotype during proliferation and fibrosis in a vari- 
ety of disease settings (Sappino et al. 1990; Johnson 
et al. 1991,1992; Kiihn and McDonald 1991; Alpers 
etal. 1992,19.96; Jarnaginetal. 1994; Schmitt-Graff et 
al. 1994; Berndt et al. 1995; Boukhalfa et al. 1996; 
Tuchweber et al. 1996; Serini et al. 1998). In the kid- 
ney, it is well established that mesangial cells during 
glomerulonephritis and fibroblasts in interstitial ne- 
phritis arc converted from a resting cell phenotype to 
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a myofibroblast-like cell during injury, acquiring the 
expression of a-SMA (Johnson et al. 1991; Alpers et 
al. 1992,1996; Johnson et al. 1992; Barnes et al. 
1994a,1995b; Boukhalfa ct al. 1996; El Nahas et al. 
1996; Kliem et al. 1996; Tang et al. 1997). Factors in- 
volved in the phenotypic changes in mesenchymal cells 
remain unknown. However, prolonged culture and 
exposure to growth factors and extracellular matrix 
proteins activate the cells and elicit the expression of 
this cytoskeletal protein in several cell types such as 
liver fat-storing cells (Ito cells), breast stromal cells, fi- 
broblasts, brain pericytes, and glomerular mesangial 
cells (Sappiiio et al. 1990; Elger et al. 1993; Jarnagin 
et al. 1994; Schmitt-Graff et al. 1994; Serini et al. 
1998). 

Recent interest has centered on a role for fibronec- 
tin (Fn), particularly an isoform containing an extra 
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domain EIIIA (Fn-EIIIA), as a mediator of mesenchy- 
mal cell activation. The functions of the EIIIA domain 
arc not known. However, its close proximity to the 
RGDS cell binding domain suggests that this isoform has 
specific functional roles (Schvvarzbauer et al. 1985; 
Paul et al. 1986; Hynes 1990; Schwarzbauer 1991; 
ffrench-Constant 199.5). The Fn-EIIIA vatiant is abun- 
dantly expressed during embryogenesis (ffrench-Con- 
stant. and Hynes 1988,1.989; Peters and Hynes 1996) 
and at the margins of healing wounds (ffrench-Con- 
stant et al. 1989; Brown et al. 1993), whereas this do- 
main is spliced out of plasma Fn (derived from hepa- 
tocytes) and many tissue-specific cells in adult tissues 
. (Peters et al. 1996), suggesting that it has important func- 
tions in remodeling (Paul et al. 1986; Schwarzbauer 
1991; ffrench-Constant 1995). Functions for Fn-EIHA 
have not been determined, but a close association with 
cells undergoing high rates of migration, proliferation, 
and differentiation' suggests a role in cell activation 
(Schwarzbauer et al. 1985; ffrench-Constant and Hynes 
1988,1989;' t'frehch-Constant et al. 1989; Hynes 
1990; Schwarzbauer 1991; Brown et al. 1993; Barnes 
et al. 1.994a, 1 995b; ffrench-Constant 19.95; Peters 
and Hynes 1996). 

Fn protein has been detected in glomeruli and the 
intcrstitium in developing kidney decreasing in inten- 
sity during maturation (Mounier et al. 1986; Peters 
and Hynes 1996; Peters et al. 1996). Similarly, a-SMA 
localizes in mcsangial and peritubular structures dur- 
ing kidney development but is lost in adult kidney 
(Carey et al. 1992). Fn localizes in glomeruli and the 
peritubular interstitium in renal disease (Barnes et al. 
1994a, 1995b; Yamamoto et al. 1994; Nickeleit et al. 
1995; Alpers et al. 1996; El Nahas et al. 1996; Kliem 
et al. 1996), similar to areas' of increased a-SMA ex- 
pression during fibrosis, suggesting that these two 
proteins may be associated in tissues undergoing high 
rates of remodeling. However, the studies listed above 
examined localization of either Fn or a-SMA alone 
and did not examine if these two proteins co-localize 
or follow the same course of expression. Moreover, 
expression of Fn-EIIIA isoform in renal disease has 
been examined (Barnes et al. 1994a, b; Yamamoto et 
al. 1994; Nickeleit et al. 1995; Alonso et al. 1996), 
but correlations between this isoform and a-SMA ex- 
pression have nor been determined. Similarly, it is not 
known if. the Fn-EIIIA isoform and a-SMA co-localize 
and follow the same course of expression during renal 
maturation. Because the Fn-EIIIA isoform may have 
an important role in cell activation in the kidney dur- 
ing nephrogenesis and remodeling, we examined the 
course of expression of Fn-EIIIA mRNA and the co- 
localization of these two proteins in embryonic, ma- 
turing, and adult kidney and in two unrelated models 
of renal disease characterized by mesangial ceil prolif- 
eration, interstitial nephritis, and/or glomerular cres- 



cents. The results showed that Fn-EITIA and a-SMA 
co-localize and follow the same course of expression 
during kidney development and maturation and that a 
recapitulation of co-expression occurs in the mesan- 
gium and interstitium during renal disease. 



Materials and Methods 

Embryonic, Juvenile, and Adult Kidney 

"lb examine the course of expression of Fn-EIHA and a-SMA 
dining kidney maturation, kidneys were obtained from 20- 
day embryos just before birth (rat gestation is 22 days), 7- (D-7) 
and 14-day (D-I4) postnatal juveniles, and 6-8-week adtilr 
Spraguc-Dawlcy rats (Charles River; Raleigh, NC). Kidney- 
tissue was sliced and immediately frozen in liquid nitrogen, 
and stored in cryogenic tubes at — 70C for subsequent im- 
niunohisrochemistry and in situ hybridization. 

Induction of Anti-glomerular Basement Membrane 
(GBM) Nephritis 

Anti-GBM Antibody. Glomeruli were isolated from Sprague— 
Dawlcy rat kidneys by differential sieving and GBM was pu- 
rified according to the methods of Meezan et al. (1975). 
Rabbits were immunized with 1 00 u.g GBM in complete l ; re- 
und's adjuvant, followed 10 days later with an equal amount 
of antigen in Freund's incomplete adjuvant. The rabbits re- 
ceived periodic booster injections of 50-100 (ig GBM in sa- 
line IV and were bled 10 days after each boost. All sera were 
pooled and an immunoglobulin fraccion was obtained by 
50% ammonium sulfate precipitation. The antibody was di- 
alyzed against 0.02 M PBS pH 7.4, protein concentration 
quantified, sterile-filtered, and stored at -70C until needed. 

Protocol 

An accelerated nephrotoxic nephritis was induced according 
to the methods of Lan et al. (1991). Nine rats were immu- 
nized with 5 mg rabbit IgG in Freund's complete adjuvant. 
Five days later the rats were divided into two groups, one 
challenged with 15 mg rabbit anti-GBM IgG in PBS (« - 5) 
iv and the other an untreated control group {« = 4). The 
rats were sacrificed at 3 weeks after the initial anti-GBM in- 
jection. At sacrifice, renal cortex was excised and frozen or 
fixed in 10% neutral buffered formalin for subsequent im- 
munohistochemistry, in situ hybridization, and histological 
evaluation. 

Proliferative Glomerulonephritis Induced by Habu 
Venom (HV) 

To examine an association between Fn-EIIIA and a-SMA in 
lesions in a model of nonimmune glomerular disease, five 
rats were injected with HV as previously reported (Barnes 
1989; Barnes and Abboud 1993; Barnes et al. 1994a,b, 
1995b). Briefly, the rats were unilaterally nephrectomized to 
increase the incidence of subsequent glomerular lesions and 
24 lir later they were injected with HV (Trimeresurus fla- 
voviridis; Sigma Chemical, St Louis, MO) at a dose of 3.5 
mg/kg iv. Seventy-two hr after injection of HV, the rats were 
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sacrificed and tissue was taken for subsequenr morphologi- 
cal analysis, immunohistochcmistry, and in situ hybridiza- 
tion. Lesions at 72 hr after HV are characterized by focal 
and segmental proliferative micronodules composed almost 
exclusively of mcsangial cells (Barnes 1989; Barnes and Ah- 
boud 1993; Barnes et al. 1994b). 

Immunohistochemical Localization of Fn-EIIIA 
and tt-SMA Proteins 

Localization of Fn-EIIIA and a-SMA was assessed by immu- 
nofluorescence and immunoperoxidase histochemistry using 
mouse monoclonal antibodies (MAbs) specific for the alter- 
natively spliced extra domain (EI11A) of cellular h'n (clones 
3E2, Sigma and IST-9, Serotec; Harlan Bioproducrs for Sci- 
ence, Indianapolis, IN). Mouse anti-human a-SMA MAb 
clone 1A4 was obtained from Sigma. Acetone-fixed frozen 
sections (6 u.m) were treated as previously described (Barnes 
1989; Barnes and Abboud 1993; Barnes et al. 1994b). Sec- 
tions were incubated with nonimmune IgG of the same spe- 
cies as the second antibody to block nonspecific binding, 
then with primary antibody followed by FITC- or biotin- 
labeled second antibodies [rat anti-mouse IgM MAb (Sigma) 
or donkey anti-mouse IgG MAb (Chemicon International; 
Temccula, CA)|. Second antibodies were adsorbed with IgGs 
of a variety of species (other than the primary) to avoid 
crossreactivity with endogenous tat IgG or to exogenous 
rabbit IgG administered to elicit anti-GBM nephritis. Sec- 
tions employing the avidin-biotin complex (ABC; Vector 
Laboratories, Burlingame, CA) technique for immunoperox- 
idase were incubated with 0.6% hydrogen peroxide in meth- 
anol'to block nonspecific peroxidase activity and 0.01% avi- 
din, 0.001% biotin to block endogenous, biotin activity. All 
incubations of primary and second antibody were for 30 min 
with three washes with PBS containing 0.1% bovine serum 
albumin (BSA), 5 min each between steps. Controls con- 
sisted of nonimmune mouse IgM, IgG, or PBS-BSA in place 
of primary antibody, followed by detection procedures as 
outlined above. 

Dual Label Immunohistochemistry 

To verify co-localization of FfllA and a-SMA, dual label im- 
munohistochemistry was employed utilizing two separate 
fluorescence tags. Tissue sections of representative, kidneys 
of D-7 juveniles, anti-GBM, and 72-hr HV experiments were 
incubated with anti-Fn-EUIA antibody followed by an affin- 
ity-purified Fli'C-labeled donkey anti-mouse IgG adsorbed 
with IgG derived from multiple species for dual labeling 
(Chemicon International). ot-SMA was detected by direct im- 
. munostaining utilizing a Cy3-labeled mouse MAb (Sigma). 
Sections were washed with PBS-BSA between all antibody 
incubations. In addition, sections were incubated with nor- 
mal nonimmune mouse IgG immediately before Cy3-anti-a- 
SMA to prevent potential binding of this labeled primary to 
the localized FITC-labeled second anti-mouse IgG antibody. 
Sections were viewed and photographed using an Olympus 
Research microscope equipped for epifluorcsccnce using ex- 
citation and bandpass filters optimal for either FITC or Cy3. 
Sections incubated with anti Fn-EIIIA and FITC-secoiid an- 
tibody viewed with the Cy3 filter set and Cy3-anti-or-SMA 
viewed with the FITC filter set were negative, indicating effi- 



cient barrier filtration of cross-illumination from the oppos- 
ing fluorochromes. 



In Situ Hybridization 

Synthesis of riboprobe, tissue preparation, in situ hybridiza- 
tion and autoradiography were identical to methods used 
previously (Barnes et al. 1994a,1995a,b). Briefly, cDNA 
probes containing a 160-BP alternatively spliced region EIIIA 
[generously provided by Dr. Richard O. Hyncs, Massachu- 
setts Institute of Technology (Paul et al. 1986)) and a 130-BP 
fragment derived from the 3'-untranslated rat ul-SMA mRNA 
that is specific for a-SMA transcript (Kocher and Gabbiani 
1 987) (generously provided by Dr. Gabriel Gabbiani, Uni- 
versity of Geneva) were used for generation of ■'■'S-labeled ri- 
boprobes to detect cellular localization of mRNA in sections 
of renal tissue. All experiments were performed simulta- 
neously with the. sense riboprobe as a negative control. 

Preparation of Riboprobes 

Linearized cDNA was transcribed in vitro using a Riboprobe 
system II kit (Promega; Madison, Wl) according to the man- 
ufacturer's instructions. Either SP6 or T7 RNA polymerase 
and [ 3s S]-uridinc-5'-(a-thio)-triphosphate (1300 Ci/mMol; 
New England Nuclear, Boston, MA) were included in the re- 
action mixture to generate | 35 SJ-labclcd antisense and sense 
riboprobes. The reaction mixture was incubated for 60 min 
at 40C, and then the DNA Template was removed by diges- 
tion with 0.5 U RNase-free DNase, followed by removal of 
unincorporated nucleotides by phenol-chloroform extrac- 
tion and ethanol precipitation. RNA probes (activity ap- 
proximately 4 x 10 6 CPM/fil) were stored at -70C and 
used within 3 days. 

Tissue Preparation 

Frozen sections (6 u,m) were cut and collected on aminosi- 
lane-glutaraldehyde-treated slides, then fixed for 20 min in 
4% paraformaldehyde in 0.01 M PBS, pH 7.4. The sections 
were washed twice in PBS, dehydrated through a graded se- 
ries of ethanols, air-dried, and used immediately for in situ 
hybridization. 

Tissue Hybridization 

In situ hybridization procedures were performed as previ- 
ously described, involving prehybridization, hybridization, 
and removal of nonspecifically bound probe. Prehybridiza- 
tion steps included treatment with 0.2 N HC1, proteinase K 
(1 u,g/ml), and acetic anhydride to block background and en- 
hance probe penetration. Twenty-five u.1 of hybridization 
mixture containing 50% formamide, 10% dextran sulfate, 
10 mM dithiothreitol, 0.1 M Tris-HCl, pH 7.5, 0.1 M 
NaP0 4 , 0.3 M NaCI, 50 mM EDT A, 1 X Denhardt's solu- 
tion, 0.2 mg/ml yeast tRNA, and 2 X 10 s cpm of "S-labeled 
riboprobe was applied to each section and covered with a 
siliconized coverslip. Hybridizations with F.IIIA probes %vere 
performed in a sealed humid chamber for 18 hr at 50C. 
a-SMA probes were very sticky, possibly due to a high con- 
tent of C-C (75%) in the first half of the strand, and were 
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hybridized ar 58C. Excess probe was removed by washing 
slides in TF. buffer, treatment with RNase A ro decrease non- 
specific background activity, and rinsing in 2 X SSC. Sec- 
tions were dehydrated iii graded ethanols, air-dried, and 
immersed in the dark in Kodak NTB-2 photographic emul- 
sion (Eastman-Kodak; Rochester, NY). After air-drying the 
sections were exposed for 2-3 weeks at 4C. The emulsion 
was developed and sections were stained with hematoxylin 
and eosin for subsequent. bright- and darkfield microscopic- 
analysis. 

Results 

Embryonic, Juvenile, and Adult Kidney 
Expression of Fn-EIIIA and ct-SMA is very similar in 
the renal parenchyma in the late embryo and early de- 
veloping kidney, showing a nearly parallel localization 
of these two proteins in the glomerular mesangium 
and peritubular interstitium. Interstitial expression of 
both proteins also showed a parallel reduction of ex- 
pression in the maturing arid adult kidney, but glo- 
merular a-SMA expression appeared to be preferen- 
tially reduced relative to Fn-EIIIA at the D-14 timepoint 
and beyond. Maturation of the metanephric parenchyma 
occurs in an outward direction from the interior co- 
wards the outer aspect of the cortex, with newly de- 
veloping structures in the most peripheral aspect of 
the kidney and more mature structures deeper within 
the cortex. The pattern of expression of Fn-EIIIA and 
a-SMA protein followed this course, showing stron- 
gest intensity of staining in the peritubular and peri- 
glomerular interstitial mesenchymal cells and in the 
glomerular mesangium (Figures 1A and 1B) in devel- 
oping cortex in 20-day embryos and in the outermost 
aspects of the cortex in D-7 kidneys (Figures 1C and 
ID). Staining of Fn-EIIIA and a-SMA in more mature 
structures in the inner aspects of the cortex in D-7 kid- 
neys showed less intensity of staining (Figures 1C, ID, 
2A, and 2B). Staining for both Fn-EIIIA and a-SMA in 
D-14 kidneys was substantially reduced and showed 
weak but evenly distributed staining of peritubular 
and periglomerular structures throughout the cortex 
(Figures IE and 1F). Glomeruli expressed Fu-EIHA 
and a-SMA in D-14 kidneys. However, staining inten- 
sity of w-SMA diminished, particularly in more ma- 
ture glomeruli, towards the inner cortex. In adult kid- 
neys, staining for Fn~EMA (Figure 1G) was lost in the 
peritubular and periglomerular interstitium, but the 
glomerular mesangium retained weak staining. Ex- 
pression of a-SMA (Figure 1H) was entirely lost in the 
peritubular interstitium and glomerular mesangium 
throughout the kidney cortex in adult cortex. Dual la- 
beling experiments verified a close correlation of Fn- 
EIIIA and a-SMA staining in peritubular a ud glomer- 
ular structures in maturing (D-7) kidney (Figures 2A 
and 2B). However, renal parenchyma destined to be- 
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come arterial and arteriolar structures in embryonic 
tissue, as well as arteries and arterioles in maturing 
and adult kidney, showed a departure from the paral- 
lel staining pattern and stained intensely for a-SMA 
but weakly for Fn-EIIIA (Figures IC-'I H). 

Anti-GBM Nephritis 

Anti-GBM nephritis was characterized by a mild mes- 
angial proliferative glomerulonephritis, glomerular cres- 
cents, and focal areas of interstitial nephritis charac- 
terized by tubular atrophy and interstitial expansion. 
Expression of Fn-EIIIA and a-SMA protein was evi- 
dent in all ateas of disease and showed a distribution 
similar to that described for developing kidney, with 
strong staining in the periglomerular and peritubular 
interstitium and the mesangium (Figures 2C, 2D, and 
3A-3D). Glomerular crescents also stained strongly 
for Fn-EIIIA and a-SMA (Figures 3A and 3B). Co- 
localization of Fn-F.IIIA and a-SMA staining was veri- 
fied by dual label immunofluorescence microscopy, 
showing a correlation between location, staining in- 
tensity, and severity of lesions in peritubular intersti- 
tium (Figures 2C and 2D) and glomeruli. 

HV-induced Glomerulonephritis 
Administration of HV results in an accelerated prolif- 
erative glomerulonephritis characterized by mesangi- 
olysis, development of microaneurysms, and resulting 
in mesangial proliferative lesions by 72 hr after injec- 
tion (Barnes 1 989; Barnes and Abboud 1993; Barnes et 
al. 1994b,1995a). In all kidneys studied, micronodules 
stained intensely for Fn-EIIIA and a-SMA (Figures 2E, 
2F, 3E, and 3F). Periglomerular and peritubular struc- 
tures stained weakly for Fn-EIIIA and a-SMA (Figures 
2E, 2F, 3E, and 3F). Dual label immunofluorescence 
verified a co-localization of both proteins in all lesions 
examined (Figures 2E and 2F). 

In Situ Hybridization 

Expression of Fn-EIIIA and a-SMA mRNA corre- 
sponded to the localization of their respective proteins 
in embryonic, maturing, adult, and diseased kidneys 
(Figure 4). Message for Fn-EIIIA was observed in the 
interstitial mesenchyme and glomeruli, primarily in 
the deep cortex of 20-day embryos (Figure 4A). It be- 
came most concentrated in these same structures in 
the outer developing cortex of D-7 kidneys (Figure 4B) 
and was virtually lost in 2-week (Figure 4C) and adult 
rats. Similarly, Fn-EIIIA mRNA was detected in glo- 
merular crescents and mesangium (Figure 4D) and in 
periglomerular and peritubular interstitium in areas of 
interstitial nephritis in anti-GBM rats (Figure 4E). Glo- 
merular micronodules in kidneys from rats with HV- 
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Figure 1 Immunoperoxidase localization of Fn-EIIIA (A.C.E.G) and a-SMA (B,D,F,H) in 20-day embryonic (A,B), D-7 (CD) and D-14 (E,F) port- 
ly? natal, and adult (G,H) rat kidneys. Expression of Fn-EIIIA and cf-SMA appears to localize in identical structures and to follow the same course 

of expression during kidney maturation. Localization of both proteins is present in the glomerular mesangium and peritubular interstitium 
!*;•/ in 20-day embryo kidney and in the same structures in the newly developing outer cortex of 0-7 kidneys. Except for arteries and arterioles, 

I? expression of both proteins is reduced In glomeruli and interstitium at 14 days and is largely lost in these areas in adult kidney. 
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Figure 2 Dual label immunofluorescence verifying co-localization of Fn-EIIIA (A,C.E) and ct-SMA (B,D,F) in the same sections in developing 
renal cortex of a D-7 postnatal rat (A.B) and in the interstitium (CD) and a glomerulus (E.F) of rats treated with anti-GBM and HV, respec- 
tively. In all sections, Fn-EIIIA and o-SMA showed a very close correlation of expression by localizing in identical structures. Fn-EIIIA was de- 
tected by indirect immunofluorescence using a primary antibody and an FITC -labeled second antibody, and a-SMA was detected by direct 
immunofluorescence using Cy-3-labeled mouse anti-nr-SMA (see Materials and Methods). 



induced nephritis (Figure 4F) and, to a lesser extent, 
periglomerular and peritubular structures also showed 
enhanced expression of Fn-EIIIA inRNA. Sense con- 
trols showed negligible background staining. 

Probes used for the detection of a-SMA mRNA 
were sticky (see Materials and Methods) and had a 
high degree of background staining, overshadowing 
tbe detail of peritubular expression of m-SMA mes- 
sage. However, specific message was detected above 
background in areas of high cellular activity, such as 
the outer aspect of the kidney cortex in D-7 postnatal 
kidney (Figure 4G), glomerular crescents (Figure 4H), 
and in HV-induced glomerular micronodtiles (Figure 



41), identical to areas of abundant expression of Fn- 
EIIIA mRNA and their respective proteins, as de- 
scribed above. 



Discussion 

These studies largely show a co-expression of Fn-EIIIA 
and a-SMA in embryonic and maturing rat kidneys 
and a recapitulation of expression in two unrelated 
models of renal disease. Expression of Fn-EIIIA and 
a-SMA was negligible or absent in adult renal paren- 
chyma. However, a spatial and temporal association 
between these proteins was evident at sites of high cel- 
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Figure 3 Immunoperoxidase localization of Fn-EIIIA (A.C.E) and <i-SMA (B,D,F) in glomeruli (A.B) and interstitium (CD) of an anti-GBM- 
treated rat and in glomeruli (E,F) of a rat treated with HV. EIIIA and ct-SMA localize in the glomerular mesangium, crescents (arrows), and 
interstitium in kidney from rats treated with anti-GBM and in glomerular micronodules and periglomerular and peritubule interstitium in 
HV-treated rats. Expression of both proteins appears to co-localize in the same structures in these two unrelated models of renal disease. 



lular activity and activation during kidney develop- 
ment. Both proteins were expressed in the peritubular 
interstitium and glomerular mesangium, with staining 
intensity following the course of cortical development 
and a parallel reduction in expression during matura- 
tion. Fn-EIIIA inRNA was confined to the intersti- 
tium, in contrast to developing and maturing tubules, 
indicating that this Fn isoform is not synthesized by 



the tubular epithelium and is not a component of ma- 
ture tubular basement membrane. Instead, Fn-EIIIA 
may be expressed by mesangial cells and myofibro- 
blasts or their precursors and as a provisional matrix 
for developing mesenchymal structures, and may be 
required for capillary growth and glomerulogenesis. 

A recapitulation of Fn-EIIIA and ct-SMA expres- 
sion was observed during renal disease, with a co- 



_ PAGE 8 /12 * RCVD AT 5/12/2007 1:01:07 AM [Pacific Standard Time]* SVR:SVC801/1 • DNIS:6034 • CSID:(613) 9 91-5726 • D URATION (mm-ss):14-22 



From (613) 991-5726 Order # 06859232DP05739488 Sat 12 May 2007 04:00:42 AM EDT Page 9 of 12 



794 



Barnes, Musa, Mitchell, Barnes 



m 
m 



m 

i: 
I 

id. 
1* 



T! 

til 
Y 

Ij 



•r ; : 






Figure 4 Oarkf ield localization of Fn-EIIIA mRNA (bright grains) by in situ hybridization in embryonic (A) and maturing D-7 (B) and D-14 (C) 
kidneys and in anti-GBM- (0,E) and HV- (F) induced nephritis. Message corresponds to the location and course of protein expression in kid- 
ney maturation. EIIIA mRNA is present in peritubular interstitial mesenchyme and in glomeruli in embryonic and D-7 juvenile kidney, and is 
lost in D-14 postnatal kidney. Similarly, u-SMA mRNA localizes in the outer cortex of a D-7 kidney (G) and in the glomerular mesangium and 
crescents and the interstitum in kidney of a rat with anti-GBM nephritis (H), as well as in a micronodule and in periglomerular structures in 
HV-induced proliferative glomerulonephritis (I). A, arteriole; C, crescents; G, glomerular capillary tuft. 



expression or' these proteins in the perigtomerular 
and peritubular intcrsr.ir.ium (by myofibroblasts) and 
in glomerular mesangium, similar to the areas of ex- 
pression described during kidney development and 
maturation. A co-localization of Fn-EIHA and cv-SMA 
was also observed in glomerular crescents in anti- 
GBM nephritis. The cell types in crescents that may 
express u-SMA have not been identified but are be- 
lieved to be myofibroblasts (Atkins et al. 19.96) or 
transdifferentiated epithelial cells (Ng et al. 1998). 
The close association and course of dual expression of 
Fn-EIHA and n-SMA in discrete tissue structures in 
three different conditions of cellular remodeling {neph- 
rogenesis, proliferative glomerulonephritis, and inter- 
stitial disease) suggest that these two proteins are 
rightly linked and share common functional roles re- 
quired for remodeling. 



Activation of various mesenchymal cells is associ- 
ated with a switch to an o-SMA 7 positivc phenotype. 
Recent findings indicate that several cell types, such as 
liver fat-storing cells (Ito cells), breast stromal cells, fi- 
broblasts, brain pericytes, and glomerular mesangia! 
cells, do not express o-SMA in normal adult tissue or 
in primary culrure. However, prolonged culture or ex- 
posure to growth factors activates these cells and elic- 
its the expression of this cytoskeletal protein (Sappino 
et al. 1990; Johnson et al. 1991,1992; Elger et al. 
1993; Schmitt-Graff et al. 1994; Serini et al. 1998). In 
addition, maintenance of Ito or mesangia I cells on ;i 
surface that mimics normal basement membrane (i.e., 
Matrigel, an extract of Englebroth-Holm-Swarm tu- 
mor) maintains cellular quiescence and downregula- 
tion of a-SMA expression, suggesting that extracellu- 
lar matrix interactions are important in cell activation 
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(Rockey et al. 1992; DeLuca et al. 1993). Such cell- 
matrix interactions are supported by the observations 
that an Fn-EMA-enriched substratum induces fibro- 
blast stress fiber formation and activation of a focal 
adhesion kinase (p125FAK), an important transmem- 
brane signal transduction protein believed to be in- 
volved in cell activation (Xia and Culp 1995; Schlaepfer 
and Hunter 1996), Moreover, a role for Fn-EIIIA in 
cell activation has been reported in which lto cells in 
normal liver and primary eulrure are a-SMA-negative 
but can be stimulated to express ct-SMA when plated 
on Fn-ElIlA-fusion protein or endothelial cell-derived 
Fn-EIIIA, an interaction that could be inhibited by 
blocking with specific antibody to the EIIIA domain 
(Jarnagin et al. 1994). Interestingly, lro cells during 
. liver injury, fibroblasts in fibre ttic lung disease, palmar 
fibromatosis, wound healing, interstitial nephritis, and 
mesangial cells during glomerulonephritis arc con- 
verted from a resting cell phenotype to a myofibro- 
btast-like cell during injury , and many of these mesen- 
chymal cells are also associated with Fn-EHIA during 
disease (Hynes 1990; Sappino et al. 1990; Kuhn and 
McDonald 1991; Barnes et al. 1994a,1995b; Jarnagin 
et al. 1994; Schmirt-Craff et al. .1994; Yamamoto et 
al. 1994,1996; Bemdt et al. 1995; Nickeleit et al. 1 995; 
Alpers etal. 1996; Kliem et al. 1996; Tang et al. 1997; 
Serini et al. 1 998). This study shows for the first time 
that Fn-EIIIA and u-SMAare temporally and spatially 
associated in kidney maturation and disease. 

Other alternatively spliced isoforms, such as E111B, 
may also have functional roles in embryogenesis and 
disease. (Schwarzbauer 19.91; Nickeleit et al. 1995; Pe- 
ters ct al. 1.996; Peters and Hynes 1996). Expression 
of Fn-EIIIA and Fn-EIIIB shows widespread co-distri- 
bution in embryonic tissues. However, it shows diver- 
gent tissue staining patterns in the adult mouse, sug- 
gesting variable functions for alternatively spliced Fn 
isoforms (Peters et al. 1996; Peters and Hynes 1996). 
Our previous studies showed a preferential enhance- 
ment of Fn-EUlA oYRNA and protein compared to Fn- 
E1IIB in late HV-induced glomerular lesions at a time 
when a-SMA was abundant (Barnes et al. 1995b), 
suggesting that a functional link between these two 
proteins is unique for the alternatively spliced EIIIA 
domain. 

A functional role for Fn-EIIIA in cell activation and 
a switch to an a-SMA phenotype have not yet been 
defined. Remodeling during wound repair or after in- 
jury involves cellular behaviors including cell migra- 
tion, proliferation, and synthesis of extracellular ma- 
trix, all of which Fn has been shown to influence 
(Hynes 1990; Schwarzbauer 1991; ffrencb-Constant 
1995). Clues to the function of Fn-EIIIA in cell activa- 
tion can be found in the observation that expression 
of ct-SM A has been related to mesangial cell prolifera- 
tion (Johnson et al. 1991; Elger et al. 1993) and hyper- 



trophy (Glass et al. 1997) in vitro. Indeed, expression 
of a-SMA parallels mesangial and lto cell prolifera- 
tion and fibrogenesis (Johnson et al. 1991; Alpers et 
al. 1992,1996; Johnson et al. 1992; Barnes et al. 1994a, 
1995b; Jarnagin et al. 1994; Boukhalfa et al. 1996; 
Tuchweber et al. 1996). Mesangial cells in culture also 
require their own synrhesis of Fn during migration and 
hillock formation (Class et al. 1996). Mesangial cells 
in culture synthesize a matrix abundant in Fn-EIIIA 
(personal observations), unlike normal adult mesan- 
gial cells in vivo (Barnes ct al. 1994a, 1995b; Peters 
et al. 1996; and this report). Therefore, Fn-FlllA may 
also have some effect on mesangial cell migration. 

We have previously characterized a model of prolif- 
erative glomerulonephritis, induced by HV, by a dis- 
tinct temporal course involving mesangial cell migra- 
tion, proliferation, and extracellular matrix synthesis 
(Barnes 1989; Barnes and Abboud 1.993; Barnes ct a I, 
1994a, I995a,b). Our previous studies suggest that mi- 
grating mesangial cells do not require their own syn- 
thesis of Fn-EIIIA but may rely on exogenous sources 
of Fn isoforms derived from platelets and macro- 
phages (Barnes et al. 1994a,1995b), and agree with 
our in vitro studies (Barnes and Ilevey 1991) showing 
a potent migratory mesangial cell response to plate- 
let Fn, which is abundant in F.TTIA (Paul ct al. 1986; 
Peters et al. .1.995). A switch to an a-SMA phenotype 
appeared to be related to mesangial cell synthesis of 
Fn-EIIIA and coincided with expression of a-SMA, 
proliferation, and matrix synthesis, suggesting that 
autocrine synthesis of Fn-EIIIA by mesangial cells 
has specific functions during the course of glomerular 
remodeling. Interestingly, Fn-EIIIA was expressed in 
early HV-induced glomerular lesions before mesangial 
cell expression of ct-SMA (Barnes et al. 1994a); similar 
to a recent report by Serini et al. (1998) that ED-A 
(EIIIA) deposition precedes and then parallels a-SMA 
expression by fibroblasts during granulation tissue 
evolution in wound healing. 

Serini et al. (1998) also showed that a functional 
ED-A domain is mandatory for a-SMA induction by 
transforming growth factor-01 (TGF-B1). TGF-B1 
differentially regulates the expression of Fn-EIIIA in 
fibroblasts (Borsi et al. 1990) and induces expression 
of a-SMA in a variety of mesenchymal cells in culture 
(Desmouliere et al. 1993; Serini et al. 1998). More- 
over, TGF-fJl is frequently associated with a switch of 
fibroblast to a myofibroblast phenotype in liver, lung, 
and kidney disease (Sappino et al. 19.90; Milani ct al. 
1991; Yamamoto et al. 1994; Zhang et al. 1995), and 
all three proteins frequently co-localize near myofibro- 
blasts in these disease settings. Therefore, regulation 
of Fn-EHIA synthesis by TGF-B1 may provide a func- 
tional link for cell activation and«-SMA expression. 

These studies show that Fn-EIIIA largely follows a 
parallel co-expression with a-SMA in several settings 
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of remodeling, including embryonic, maturing, and 
diseased kidney. An exact role for alternatively spliced 
Fn-EII1A in glomerular cell activation (expression of 
o-SMA) and cell function (migration, proliferation, 
matrix synthesis, and hypertrophy) has not been de- 
termined and remains the focus of current research. 
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Abstract 

- The BMI-1 gene is a putative oncogene belonging to the Poly'comb 
group family that cooperates with c-myc in the generation of mouse 
lymphomas and seems to participate in cell cycle regulation and senes- 
cence by acting as a transcriptional repressor of the INK4a/ARF locus. . 
The BMI-1 gene has been located on chromosome 10pl3, a region involved 
. in chromosomal translocations in infant leukemias, and amplified in. 
occasional non-Hodgkin's lymphomas (NHLs) and solid tumors. To de- 
termine the possible alterations of this gene in human malignancies, we 
have examined 160 lymphoproliferative disorders, 13 myeloid leukemias, 
and 89 carcinomas by Southern blot analysis and detected BMI-1 gene 
amplification (3- to 7-fold) in 4 of 36 (11%) mantle cell lymphomas 
(MCLs) with no alterations in the lNK4a/ARF locus. BMI-1 and pl6 ,NK '" 
■ mRNA and protein expression were also studied by real-time quantitative 
reverse transcription-PCR and Western blot, respectively, in a subset of 
NHLs. BMI-1 expression was significantly higher in chronic lymphocytic 

. leukemia and MCL than in follicular lymphoma and large B cell lynW 
phoma. The four tumors with gene amplification showed significantly 

. higher mRNA levels than other MCLs and NHLs with the BMI-1 gene in 
gcrmlinc configuration. Five additional MCLs also showed very high 
mRNA levels without gene amplification. A good correlation between 
BMI-1 mRNA levels and protein expression was observed in all types of 

■ lymphomas. No relationship was detected between BMI-1 and pl6 >NX4 * 
mRNA levels. These findings suggest that BMI-1 gene alterations in . 
human neoplasms are uncommon, but they may contribute to the patho- 

- genesis in a subset of malignant-lymphomas, particularly of mantle cell 
type. 

Introduction 

The BMI-P gene is a putative oncogene of the Polycomb group 
originally identified by retroviral inserlional mutagenesis in Eja-c- 
myc transgenic mice infected with the Moloney murine leukemia 
virus (1, 2). These animals had a rapid development of pre-B cell 
lymphomas showing frequentproviral insertions near the BMJ-1 gene. 
This integration resulted in BMI- 1 overexpression suggesting a coop- 
erative effect between C-MYC m<\ BMI-1 genes in the development of 
these tumors (3, 4). Recent studies have indicated that the BMI-1 gene 
may also participate in cell cycle control and senescence through the 
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JNK4a/ARF locus by acting as an upstream negative regulator of 
p]6 ih4K4, and p ]4/p I9 ARF " geat expression (5). The human BMI-1 

gene has been mapped to chromosome 10pl3 (6), a region involved.in 
chromosomal translocations in infant leukemias (7) and rearrange- 
ments in malignant T cell lymphomas (8, 9). More recently, high-level 
DNA amplifications of this region have been found by comparative 
genomic hybridization in'NHLs and solid tumors (10, 11). However, . 
the possible implication of the BMI-1 gene in these alterations and its 
role in the pathogenesis of human tumors is not known. Tbe aim of 
this , study was to analyze- the possible BMJ-1 gene alterations , and 
expression in a large series of human neoplasms and to determine the 
relationship , with JNK4a/ARF locus aberrations. 

Materials and Methods >. 

Case Selection. A series of 262 human tumors, including 173 hematolog- 
ical malignancies and 89 carcinomas (Table I), matched normal tissues from 
all carcinomas, 11 samples of norma) peripheral mononuclear cells, and 5 
reactive lymph nodes and tonsils, were selected based on the availability of 
frozen samples-for molecular analysis. 

i>NA Extraction and Southern Blot Analysis. Genomic PNA was ob- 
tained using Proteinase K/RNa'se treatment. 1 5 p.% were digested with EcoRI 
and Hindi]] restriction enzymes (Life Technologies, Inc., Gaithersburg, MD), 
for Southern blot analysis and hybridized with a 1.5-kb Psl] fragment of the 
partial BMI-1 cDNA (6). 

RNA Extraction and Real-time Quantitative RT-PCR. Total RNA was 
obtained from 67 lymphoid neoplasms (10 CLLs, 27 MCLs, 8 FLs, and 22 
LCLs) using guanidine/isolhiocyanate extraction and cesium/chloride gradient 
centrifugation. One jig of total RNA was transcribed into cDNA using 
MMLV-reverse transcriptase (Life Technologies, Inc.) and random hexamers, 
following manufacturer's directions. Sequences of the BMI-1 and the pl6 
detection probes and primers were designed using the Primer Express program 
(Applied Biosystems, Foster City) as follows: BMI-1 sense, 5'-CTGGTTGC- 
CCATTGACAGC-3'; BMI-1 antisense, 5'-CAGAAAATGAATGCGAG- 
CCA-3'; p!6 sense, 5'-CAACGCACCGAATAGTTACGG-3'; pl6 antisense, 
5'-AACTTCGTCCTCCAGAGTCGC-3'. The probes BMI-1, 5'-CAGCTC- 
GCTTCAAGATGGCCGC-3 and p!6, 5'-CGGAGGCCGATCCAGGTGG- 
. GTA-3', were labeled with 6-carboxy-fluorescein as the reporter dye. The 
TaqMan-GAPDH Control Reagents (Applied Biosystems) were used to am- 
plify and detect tbe GAPDH gene, as recommended by the manufacturer. The 
quantitative assay amplified I /im) of cDNA in two to four replicates using the 
primers and probes described above and the standard master mix (Applied 
Biosystems). All reactions were performed in an ABI PRISM 7700 Sequence 
Detector System (Applied Biosystems). GAPDH, BMI-1, and pl6 INK ' u ex- 
pression was related to a standard curve derived from serial dilutions of Raji 
cDNA. The RUs of BMJ-1 and pl^ 1 "* 4 * expression were defined as the 
mRNA levels of these genes normalized to the GADPH expression level in 
each case. 

Protein Analysis. Whole-cell protein extracts were obtained from.addi-. 
tional frozen tissue available in 31 cases (7 CLLs, 12 . MCLs, 8 FLs, and 4 
LCLs), loaded onto a 10% SDS-polyacrylamide gel, and electroblotled to a 
nitrocellulose membrane (Amersham). Blocked membranes were incubated 
sequentially with the monoclonal antibody BMI-F6 (12), anthnouse conju- 
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Tabic 1 Hematological malignancies and solid tumor samples analyzed for BMI- 1 
„ . gene alterations 


Tissue samples 


No. of cases 


Hematological malignancies 




Hodgkin's disease 


2 


B cell h/mphoproliferatiYe disorders 




B-Acute rymphoblaslic leukemia ' 


14 


CLL 


29 


Hairy cell leukemia 


4 


FL 


15 


MCL 


36 


LCL 


40 


T cell rymphoproliferative disorders 




T-Acute lymphoblastic leukemia 


8 


targe granular cell leukemia 


4 


Peripheral T-cell lymphoma 


8 


Myeloproliferative disorders 




Acute myeloid leukemia 


7 


Chronic myeloid leukemia 


6 , 


Solid tumors 




Colon carcinoma 


26 


Breast ' carcinoma 


29 


Laryngeal squamous cell carcinoma 


34' 


Total 


262 



gated to horseradish peroxidase (Amersham), and delected by enhanced chemi- 
luminescence (Amersham) according to the manufacturer's recommendations. 

Statistical Analysis. Because of the non-normal distribution of the samples 
and the small. size of some subsets of tumors, the statistical evaluation Was - 
performed using nonparametric tests (SPSS, version 9.0). Comparison between 
. mRNA expression levels in the different groups of NHLs was performed using 
the Kruskal-Wallis Test, with aP for significance set at 0.05." For differences 
between particular groups, the conservative Bonferroni procedure was per- 
formed, and the P was set at 0.005. The remaining statistical analyses were 
carried out using the Mann-Whitney nonparametric U test (significance, P 
<0.05). The comparison between BMl-l and p 1 ( > nWA ' quantitative mRNA 
levels was also performed using the Pearson's correlation coefficient. • 

Results 

BMl-l Gene Amplification. The BMl-l gene was examined by 
Southern blot in a large series of human tumors and normal samples 
(Table 1). The cDNA probe used in the study detected three Ec6K\ 
fragments of 7.3, 3;8, and 2.6 kb and three Mn&\X\ fragments of 6.2, 
4, and 3.5 kb. BMl-l gene amplification (3- to 7-fold) was detected in 
4 of 36 (1 1%) MCLs (Fig. 1). The.amplifications were confirmed with 
both restriction enzymes. The amplified MCLs were two blastoid and 
two typical variants. No amplifications were observed in any of the 
solid tumors when compared with their respective matched non- 
neoplastic mucosa. No BMl-l gene rearrangements were observed in 
any of the samples examined. 

BMI-1 mRNA Expression. To determine the BMl-l expression 
pattern in NHL we analyzed BMl-l mRNA levels by real-time quan- 
titative RT-PCR in 67 lymphomas (10 CLLs, 27 MCLs, 8 FLs, and 22 
LCLs), including the four rumors with gene amplification. A distinct 
BMl-l mRNA expression pattern was observed in the different types 
of lymphomas (Fig. 2; Kruskal-Wallis Test; P < 0.001). The BM1 
mRNA levels in CLLs (mean, 2.2 RU; SD, 1.3) and MCLs with no 
BMl-l gene amplification (mean, 2.5 RU; SD, 2.3) were significantly 
higher than in FLs (mean, 0.9 RU; SD, 0.8) and LCLs (mean, 0.6 RU; 
SD, 0.4; Mann- Whitney nonparametric U test; P < 0.01). The 4 
MCLs with BMl-l gene amplification showed significantly higher 
levels of expression than all other groups of tumors (mean, 5.1 RU; 
SD, 1 .6; P < 0.005). In addition, five typical MCLs with no structural 
alterations of the gene also. showed very high levels of BMl-l mRNA 
expression ranging from 4 to 9.8 RU, similar to cases with gene 
amplification (Fig. 2A). 

BMl-l Protein Expression. BMl-l protein expression was exam- 
ined by Western blot in 3 1 tumors (7 CLLs; 1 2 MCLs, including two 
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cases with BMI-1 gene amplification and 4 cases with mRNA over- 
expression and no structural alteration of the gene; 8 FLs, and 4 LCLs) 
in which additional frozen tissue was available. The monoclonal 
antibody against BMl-l detected three closely migrating proteins of 
M t 45.000-48,000 (2). The two more slowly migrating bands prob- 
ably represent phosphorylated isoforms of the protein (12). The two 
MCLs with gene amplification and three of four cases with mRNA 
overexpression without amplification of the gene showed very high 
levels of protein expression. The remaining MCLs and CLLs showed . 
intermediate levels of protein expression, whereas low- or no-expres- 
sion signals were detected in the LCLs and FLs included in the study 
(Fig. 3). These results indicate that BMl-l protein expression in NHL 
is concordant with the mRNA levels observed by real-time quantita- 
tive RT-PCR, 

Relationship between BMI-1 and pl6 ,NK4> Gene Alterations. 

The INK4a/ARF locus has been recently identified as a downstream 
target of the transcriptional repressing activity of the BMl-l gene, 
suggesting that this gene may contribute to . human neoplasias with 
wild type INK4/ARF (5). Most of the lymphoproliferatiye disorders 
analyzed in the present study, including- the four cases with BMl-l 
gene amplification, had been previously examined for p53 gene mu- 
tations and INK4a/ARF locus alterations, including gene deletions, 
mutations, hypermelhylation, and expression (13, 14). The four MCLs 
with BMl-l gene amplification and mRNA overexpression and the. 
five tumors. with BMl-l mRNA overexpression with no structural 
alterations of the gene showed a wild-type configuration of the 
lNK4a/ARF locus (13). However, one case with BMI-1 gene ampli- 
fication and one case with mRNA overexpression with ho alteration of 
the gene showed p53 gene mutations associated with allelic deletions. 

To determine the possible relationship between BMl-l and 
p!6 INK '' ! ' mRNA expression, pl6 INK ' ,i ' mRNA levels were evaluated 
by real-time quantitative RT-PCR in 50 tumors (10 CLLs, 27 MCLs, 
and 13 LCLs), including 6 cases with alterations in the INK4a/ARF 
locus (2 MCLs and I LCL with p/d™* 4 ' gene deletion, 2 LCLs with 
pi 6 promoter hypermethylation, and 1 CLL with pl6 D1K4a gene- 
mutation), and the 4 lymphomas with BMl-l amplification. Negative 
or negligible levels of pl6 rNK ''° were observed in the 6 tumors with 
INK4a/ARF locus alterations. These cases were not included in the 
comparisons between BMl-l and pl6 INK,la mRNA expression. The 
pl6 rNK4 * expression levels were relatively similar in the different 
types of tumors. Only LCLs tended to have lower levels of expression, . 
but the differences did not reach statistical significance (Fig. IB). No 
differences were observed in the ■pl6 INK ' ,i ' mRNA levels between 
tumors with BMI-1 gene amplification and overexpression and lym- 
phomas with germline configuration of the gene. 
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Fig. I. Southern blol analysis of BMl-l gene. Four MCLs {MCL') showed BUI- 1 gene 
amplification (3- to 7-fold) compared with non- neoplastic tissues (AO and other NHLs. No 
amplifications or gene rearrangements were detected in the remaining NHLs and carci- 
nomas included in the studv. 
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Fig. 2. A, quantitative BMI-I mRNA transcript analysis (median and range) using 
real-time RT-PCR in a series of NHLs. MCLs with BMt-l gene amplification (MCL') 
revealed significantly higher overall BMI-1 mRNA levels than all other types of NHLs, 
including MCLs with no structural alterations of the gene (P < 0.005). MCLs and CLLs 
expressed significantly higher levels than FLs and LCLs (/> < 0.001). Results are depicted 
as the ratio of absolute BM1-LGADPH mRNA transcript numbers (RU). Bars, SD. B, 
quantitative pl6 ,NK4 * mRNA transcript analysis (median and range) using real-time 
y RT-PCR in a series of NHLs. Expression levels were relatively similar in the different 
types of tumors. Results are depicted as the ratio of absolute pl6 ,NK4 *:GADPH mRNA 
transcript numbers (RU). Bars, SD. 



Discussion 

In the present study, we have examined a large series of human 
tumors for the presence of gene alterations and mRNA expression of 
the BM1-1 gene. Gene amplification was. identified in four MCLs. 
These tumors showed significantly higher levels of mRNA and pro- 
tein expression compared with other lymphomas with BMI-1 in germ- . 
line configuration. BM1-J expression levels were also highly up- 
regulated in a subset of MCLs with no apparent struc tural alterations 
of the gene. No alterations were detected in any of the different types 
of carcinomas included in the study. BM1-1 is considered an oncogene 
belonging to the Polycomb group family of genes. These proteins 
mainly act as transcriptional regulators, controlling specific target 
genes involved in development, cell differentiation, proliferation, and 
senescence. Different studies have shown the implication of BMI-1 
overexpression in the development of lymphomas in murine and 
feline animal models (3, 4). The findings of the present study indicate 
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for the first time that BM1-J gene alterations fai human neoplasms are 
an uncommon phenomenon, but they seem to occur mainly in a subset 
of NHLs, particularly of mantle cell type. 

The human BMI-1 gene has been mapped lo chromosome 10pl3. 
High-level DNA amplifications and gains in this region have been 
identified by comparative genomic hybridization in occasional solid 
rumors and NHLs (10, 11). Different chromosomal translocations 
involving the 10pl3 region have also been identified in infant leuke- 
mias and T cell lymphoproliferative disorders (7, 8, 15). Most' acute 
leukemias with this chromosomal alteration occur in children <12' 
months of age, whereas it seems to be extremely rare in adults. lOp 
translocations in T-cell lymphoproliferative disorders have been ob- 
served mainly in adult T cell leukemia/lymphomas and occasional 
cutaneous T cell lymphomas. In our study, we did not observe BMI-j 

. rearrangements or amplifications in any of the acute leukemias or T 
cell lymphomas. However, all of the acute leukemias in this study 
were diagnosed in patients over 16 years, and no adult T cell Jeuke- 
mia/lymphomas or cutaneous lymphomas could be included in the 
series. Similarly, high-level DNA amplifications at the 1 Op 13 region 
have been detected in head and neck carcinomas and other solid 
tumors. Although we found no. evidence for BMI-1 gene rearrange- 
ments or amplifications in a substantial set of carcinomas, this does 
not exclude the possibility of increased gene expression , or protein 
levels in these tumors. Additional studies are required to elucidate the 

possible . involvement of BMI-1 in these particular groups of human 
neoplasms. 

In human hematopoietic cells, BMI-1 is preferentially expressed in 
primitive CD34+ bone marrow cells, whereas it is negative or very 
low in more mature CD34- cells (16). In peripheral lymphocytes, and 
particularly in follicular B cells, BMI-1 protein expression bas been 
detected in resting cells of the mantle zone, whereas it is down- . 
regulated in proliferating germinal center cells (17, 18). These obser- 
vations indicate that BMI-1 expression in normal hematopoietic cells 
is tightly regulated in relation with cell differentiation in bone marrow 
and antigen-specific response m peripheral lymphocytes. BMI-1 ex- 
pression in human tumors has not been examined previously. In this 
study, we have demonstrated that BMI-1 mRNA and protein expres- 
sion show a distinct pattern in different types of lymphomas. Thus, 
BMI-1 levels were low in LCLs and FLs and significantly higher in 
MCLs and CLLs. These findings suggest that BMI-1 expression 
patterns in B cell lymphomas' maintain in part the expression profile 
of their normal cell counterparts; because FLs and at least a subgroup 
of LCLs are considered lymphomas derived from follicular germinal 
center cells, whereas MCLs and CLLs are tumors mainly derived from . 
naive pregerminal center cells. However, the four MCLs with BMI-1 
gene amplification expressed significantly higher mRNA levels than 
all other rumors. In addition, five MCLs with no structural alterations 
of.the gene showed high mRNA levels similar to those observed in 
tumors with BMI-1 gene amplification, suggesting that other mecha- 
nisms may be involved in up-regulation of the gene m these lympho- 
mas. Different studies using animal models have shown a dose-, 
dependent effect of BMI-1 gene expression on skeleton development 
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Fig. 3. Western blot analysis of BM1- 1 protein in NHLs. The amplified MCL (17624) 
showed the highest BMI-1 protein levels, whereas othei MCLs and CLLs had intermediate 
levels of expression. Very low or negative signal was observed in FLs and LCLs. 
1 
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and tymphomagenesis (1.3). These observations suggest that the high 
mRNA and protein levels detected in a subset of MCLs may play a 
role in the pathogenesis of these neoplasms. 

Recent studies have identified the 1NK4/ARF locus as a down- 
stream target of the BMI-1 transcriptional repressor activity, suggest- 
ing that BMI-1 overexpression may contribute to human neoplasias 
that retain the wild-type lNK4a/ARF locus (5). Interestingly, in our 
study, BMI-1 amplification and overexpression appeared in tumors 
with no alterations in p]6 WKA ' and pJ4 ARF genes. However, we could 
not detect differences in the expression levels of pl6 I * 4K4i ' in tumors 
with arid without BMI-1 gene alterations. The reasons for this apparent 
discrepancy with experimental observations are not clear. One possi- 
bility may be that genes other than INK4a/ARFare the main targets of 
BMI-1 repressor activity in these tumors. Particularly, different genes 
of the HOX family are regulated by BMI-1 and may also be involved 
in lymphomagenesis (19, 20). ; 

In conclusion, the findings of this study indicate that BMJ-1 gene 
expression is differentially regulated in B cell lymphomas. Alterations 
. of the gene seem to be an uncommon phenomenon in human neo- 
plasms, but they may contribute to the pathogenesis in. a subset of 
MCLs, Although, BMI-J gene alterations occurred in rumors with 
wild-type JNK4a/ARF locus, the possible cooperation between these 
genes and the oncogenic mechanisms of BMI-1 in human neoplasms 
Tequire additional analysis. 
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Histopathologic is insufficient to predict disease progression and clinical outcome in lung adeno- 
carcinoma. Here we show that gene-expression profiles based on microarray analysis can be 
used to predict patient survival in early-stage lung adenocarcinomas. Genes most related to sur- 
vival were identified with univariate Cox analysis. Using either two equivalent but independent 
training and testing sets, or 'leave-one-out' cross-validation analysis with all tumors, a risk index 
based on the top 50 genes identified low-risk and high-risk stage I lung adenocarcinomas, which 
differed significantly with respect to survival. This risk index was then validated using an inde- 
pendent sample of lung adenocarcinomas that predicted high- and low-risk groups. This index 
included genes not previously associated with survival. The identification of a set of genes that 
predict survival in early- stage lung adenocarcinoma allows delineation of a high-risk group that 
may benefit from adjuvant therapy. 



Lung cancer remains the leading cause of cancer death in indus- 
trialized countries. Most patients with non-small cell lung can- 
cer (NSCLC) present with advanced disease, and despite recent 
advances in multi-modality therapy, the overall 10-year survival 
rate remains a dismal 8-10%'. However, a significant minority of 
patients (-25-30%) with NSCLC have stage I disease and receive 
surgical intervention alone. Although 35-50% of patients with 
stage 1 disease will relapse within 5 years 2 "', it is not currently 
possible to identify specific high-risk patients. 

Adenocarcinoma is currently the predominant histological 
subtype of NSCLC (refs. 1,5,6). Although morphological assess- 
ment of lung carcinomas can roughly stratify patients, there is a 
need to identify patients at high risk for recurrent or metastatic 
disease. Preoperative variables that affect survival of patients 
with NSCLC have been identified 1 "' 0 . Tumor size, vascular inva- 
sion, poor differentiation, high tumor-proliferative index and 
several genetic alterations, including K-ras (refs. 11,12) and p53 
(refs. 10,13) mutations, have prognostic significance. Multiple 
independently assessed genes or gene products have also been 
investigated to better predict patient prognosis in lung can- 
cer""". Technologies that simultaneously analyze the expression 
of thousands of genes" can be used to correlate gene-expression 
patterns with numerous clinical parameters — including patient 
outcome — to better predict tumor behavior in individual pa- 
tients'". Analyses of lung cancers using array technologies have 
identified subgroups of rumors that differ according to tumor 
type and histological subclasses and, to a lesser extent, survival 
among adenocarcinoma patients" 22 . Here we correlated gene- 
expression profiles with clinical outcome in a. cohort of patients 
with lung adenocarcinoma and identified specific genes that 



predict survival among patients with stage I disease. For further 
validation, we also show that the risk index predicted survival in 
an independent cohort of stage I lung adenocarcinomas. 

Hierarchical profile clustering yields three tumor subsets 
Using oligonucleotide arrays, we generated gene-expression pro- 
files for 86 primary lung adenocarcinomas, including 67 stage I 
and 19 stage 111 tumors, as well as 10 non-neoplastic lung sam- 
ples. Selected sample replicates showed high correlation among 
coefficients and reliable reproducibility. We determined tran- 
script abundance using a custom algorithm and the data set was 
trimmed of genes expressed at extremely low levels, that is, 
genes were excluded if the measure of their 75th percentile value 
was less than 100. Although potentially resulting in the loss of 
some information, trimming in this manner decreased the possi- 
bility that the clustering algorithm would be strongly influenced 
by genes with little or no expression in these samples. 
Hierarchical clustering with the resulting 4,966 genes yielded 3 
clusters of tumors (Fig. 1). All 10 non-neoplastic samples clus- 
tered tightly together within Cluster 1 (data not shown). We ex- 
amined the relationships between cluster and patient and tumor 
characteristics (Fig. 1 and Supplementary Figure A online). There 
were associations between cluster and stage (P= 0.030) and be- 
tween cluster and differentiation (P = 0.01). Cluster 1 contained 
the greatest percentage (42.8%) of well differentiated tumors, 
followed by Cluster 2 (27%) and Cluster 3 (4.7%). Cluster 3 con- 
tained the highest percentage of both poorly differentiated 
(47.6%) and stage 111 tumors (42.8%), yet contained 3 (14.3%) 
moderately differentiated and 1 (5%) well differentiated stage I 
tumor. Notably, 1 1 stage 1 tumors were present in Cluster 3, sug- 
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gesting a common gene-expression profile for 
this subset ofstage I and stage III tumors. 

For patients with stage I and stage III tumors, 
the average ages were 68.1 and 64.5 years and 
the percentage of smokers was 88.9% and 
89.5%, respectively. Marginally significant as- 
sociations between cluster and smoking his- 
tory were observed (P = 0.06). A significant 
relationship between histopathological classifi- 
cation and cluster was only discernable for 
bronchioloalveolai adenocarcinomas (BAs), 
which were only present in Clusters 1 and 2 
{P = 0.0OSS) and comprised 35.7% and 12.3% 
of tumors for Clusters 1 and 2, respectively. 

We examined the heterogeneity in gene-ex- 
pression profiles based on the trimmed data. set among normal 
lung samples and stage I and stage III adenocarcinomas by calcu- 
lating correlation coefficients between all pairs of samples. In 
contrast to norma) lung samples that displayed highly similar 
gene-expression profiles (median correlation, 0.9), both stage I 
and Ml lung tumors demonstrated much greater heterogeneity in 
their expression profiles with lower correlation coefficients (me- 
dian values, 0.82 and 0.79, respectively). 

Northern-blot and immunohistochemistry analyses 
Of the 4,966 genes examined, 967 differed significantly between 
stage 1 and 1)1 adenocarcinomas, a number in excess of that ex- 
pected, by chance alone (248 at alpha level (a) = 0.05). Three 
genes were arbitrarily selected to verify the microarray expression 
data. The mRNA from 20 of the normal lung and tumor samples 
was examined by northern-blot hybridization with probes for in- 
sulin-like growth factor-binding protein 3 (1GFBP3), cystatin C 
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Fig. 1 Unsupervised classification analysis of lung adenocarcinomas. 3 classes of tumors identi- 
fied by agglomerative hierarchical clustering of gene-expression profiles using the 4,966 expressed 
genes. Patient and histopathological information for each lung adenocarcinoma case by cluster 
designation and methods for K-ros 1 2/1 3th-codon mutational status and nuclear p53 protein ac-. 
cumulation are provided (Supplementary Figure A online). TN classification denotes information 
regarding patient tumor size and nodal involvement. Associations between cluster membership 
and patient or histopathological variables are indicated at significance level (P £ 0.05). 



arid lactate dehydrogenase A (LDH-A) (Fig. 2a). Two gene probes 
not represented on the microarrays were used as controls, includ- 
ing histone H4, a potential index of overall cell proliferation, and 
28S ribosomal RNA, a control for sample loading and transfer. 
The relative amounts of IGFBP3, cystatin C and LDH-A mRNA 
strongly correlated with microarray-based measurements (Fig. 
2b). In both assays, 1GFBP3 and LDH-A mRNA levels increased 
from stage I to stage HI adenocarcinomas and were higher than 
those in normal lung. Cystatin C mRNA levels were more variable 
but relatively greater in normal lung than tumors. These results 
suggest that the oligonucleotide microarrays provided reliable 
measures of gene expression. The rumors showed slightly greater 
histone H4 expression than the normal lung, likely reflecting in- 
creased proliferation of tumor cells. 

Immunohistochemistry was performed for 1GFBP3, cystatin C 
and HSP-70 to determine whether mRNA overexpression was re- 
flected by an increase of their corresponding proteins in tumors. 
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Fig. 2 Validation analyses of gene-expres- 
sion profiling, a. Northern-blot analysis of 
selected candidate genes for verification- of 
data obtained from oligonucleotide arrays. 
The same sample RMA for the 4 uninvolved 
lung, 8 stage I and 8 stage III tumors was 

used lor the northern-blot and oligonucleotide array analyses. 
b. Correlation analysis ol quantitative data obtained from oligonucleotide 
arrays and northern blots measured by integrated phosphorimager-based 
signals for the 1CFBP3 and LDH-A genes. The ratio ol ICFBP3, cystatin C 
and IDH A mRNA to 285 rRNA was determined. The relative values for 
each gene from each sample are shown, n, nonneoplastic normal lung; 
1. stage I tumors; 3, stage ill tumors, c, Immunohistochemical analysis ol 
IGFBP-3, HSP-70 and cystatin C in lung and lung adenocarcinomas. 
Cytoplasmic tCFBP-3 immunoreactivity in a neoplastic gland (tumor L22) 
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HSP-70 





Cystatin C 



Cystatin C 



with prominent apical staining (blue reactant staining, arrow, upper left). 
Diffuse cytoplasmic HSP-70 immunoreactivity (tumor L27), yet stromal el- 
ements show no reactivity (upper right). Normal lung parenchyma (lower 
left) shows cytoplasmic cystatin C immunoreactivity in alveolar pneumo- 
cytes (arrow) and intra-alveolar macrophages but tumor (190) shows dif- 
fuse cytoplasmic cystatin C immunoreactivity with prominent apical 
staining (lower right). Magnification, x200 
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Immunoieactivity for both 1GFBP-3 and HSP-70 (Fig. 2c) was de- 
tected in the cytoplasm of the adenocarcinomas, with little de- 
tectable reactivity in the stromal or inflammatory cells. Cystatin 
C was detected in alveolar pneumocytes and intra-alveolar 
macrophages in non-neoplastic lung parenchyma and also con- 
sistently in the cytoplasm of neoplastic cells. 

Cene-expression profiles predict survival 

As expected, Kaplan^Meier survival curves (Fig. 3a) and log-rank 
tests indicated poorer survival among stage 111 compared with 
stage 1 adenocarcinomas (P = <0.000l). Two statistical ap- 
proaches were used to determine whether gene-expression pro- 
files could predict survival using the data set of 4,966 genes. In 
one approach, equal numbers of randomly assigned stage I and 
stage 1)1 tumors constituted training (n = 43) and testing (n = 43) 
sets. In the training set, the top 10, 20, 50 or 7S genes were used 
to create risk indices that were evaluated for their association 
with survival using the 50th, 60th or 70th percentile cutoff 
points to categorize patients into high or low groups. The results 
were similar across cutoff points but the 50-gene risk index had 
the best overall association with survival in the training set. 



Fig. 3 Cene-expression profiles and patient survival, o. Relationship be- 
tween tumor stage and patient survival (stage 1 and stage 3 differ signifi- 
cantly, P< 0.0001). b, Relationship between the survival in the 43 test 
samples and their risk assignments based on the 50-gene risk index esti- 
mated in the 43 training samples. The high- and low-risk groups differ sig- 
nificantly (P= 0.024). c. Relationship between patient survival and the risk 
assignments in test samples (in b) conditional for tumor stage. The high- 
and low-risk stage I groups differ significantly (P = 0.028), whereas stage III 
low- and high-risk groups did not (P = .0.634). d. Relationship between sur- 
vival in the test cases and their risk assignments based on the 86 'leave-one- 
out' cross-validation of the 50-gene risk index. The high- and low-risk 
groups differ significantly (P = 0.0006). e. Relationship between test case's 
risk assignment and survival (in d) conditional on tumor stage. The high- 
and low-risk stage I lung adenocarcinoma groups differ significantly from 
each other (P = 0.003), whereas low- and high-risk stage III tumors do not. 
. 1. Relationship between tumor class identified by hierarchical clustering and 
patient survival. Survival for patients in Cluster 3 differed relative to the tu- 
mors in Cluster 2 (P = 0.037) and approached significance for Cluster 1 and 
2 combined (P= 0.06). g. Analysis of the Michigan-based risk index using 
top cross-validated survival genes identify a low- and high-risk group in an 
independent cohort of 84 Massachusetts-based lung adenocarcinomas that 
are significantly different (P= 0.003). », Among the 62 stage I lung adeno- 
carcinomas in the Massachusetts sample, the high- and low-risk groups dif- 
fered significantly (P= 0.006). 



After conservatively choosing the 60th percentile cutoff point 
from the training set, we then applied this risk index and cutoff 
point to the testing set. The risk index of the top 50 genes cor- 
rectly identified low- and high-risk individuals within the inde- 
pendent testing set {P = 0.024) (Fig. 3 b and Supplementary 
Methods online). Notably, 1] stage 1 tumors were included in 
the high-risk subgroup. When this risk assignment was then 
conditionally examined for stage progression (Fig. 3c), low- and 
high-risk groups among stage I tumors were found to differ (P = 
0.028) in their survival. 

Identification of a robust set of survival genes 
Although predictive of patient survival, a single training-testing 
set may not provide the most robust set of genes due to random 
sampling issues. Therefore, a 'leave-one-out' cross-validation ap- 
proach was used to identify genes associated with survival from 
all 86-tumor samples. We first developed a 50-gene risk index in 
each training set, and then applied the risk index to the test case 
held out from the full set of tumors and assigned the held out 
tumor to the high- or low-risk groups (Fig. 3d). The high and 
low-risk subgroups determined in the test cases differed signifi- 
cantly in their overall survival (/> = 0.0006). Among the larger 
group of stage 1 lung adenocarcinomas, the low-risk (n = 46) and 
high-risk (n = 21) groups had markedly different survival (P=. 
0.003) (Fig. 3e). Table 1 lists selected examples of the cumulative 
top 100 genes derived , from this cross-validation procedure 
(complete list in Supplementary Table A online). 

It was also noted that many of the stage I patients in the high- 
risk subgroup (Fig. 3e) were present in Cluster 3 (Fig. 1). 
Kaplan-Meier analysis (Fig. 3f) demonstrated a significantly 
worse survival (P= 0.037) for patients in Cluster 3 relative to pa- 
tients in Cluster 2 and approaching significance for Cluster 1 
and 2 combined (/>= 0.06). This further indicates the important 
relationship between gene-expression profiles and patient sur- . 
vival, independent of disease stage. 

Consistent with previous analyses of lung adenocarcinomas", 
40% of stage 1 and 57.8% of stage 111 tumors had 12th or 13th 
codon K-ros gene mutations. Those patients with tumors con- 
taining K-ros mutations showed a trend of poorer survival, but 
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Table 1 Selected examples of the top 100 genes from cross-validation 



Gene name P % P 

(normal versus . Change in tumor (stage I versus 
tumor t-test) stage III t-test) 



a 

D 
O 



c 



ra 
z 



© 



CASP4 
P63 



KRT7 
LAMB1 

BMP2 
CDC6 

51 OOP 
SERPINE1 

STX1A 

ADM 

AKAP 12 

ARHE 

GRB7 

VECF 

WNtlOB 



H5PA8 
ERBB2 
FXVD3 
SLC20A1 



CSTB 
CTSL 
CVP24 

-FUT3 

MLN64 
PDE7A 
PLGL 
5LC1A6 



COPEB 
CRK 



RELA 



KIAA0005 
MCB1 



0.56 
9.73E-04 



8.02E-08 
0.14 

0.54 
1.31 E-05 

2.10E-08 
2.89E-03 

8.65E-08 

0.05 
8:53E-03 

0.06 
2.02E-03 
6.50E-08 

0.05 



0.36 . 
0.04 
0.10 
1.34E-03 



1.57E-04 

0.48 
3.16E-06 

1.07E-07 

0.20 
0.12 
0.04 
0.07 



0.10 
0.10 



2.21 E-04 
0.27 



-6% 
37% 



126% 
-20% 

-21% 
1070% 

1572% 
72% 

54% 

39% 

-47% 
-39% 

38% 
174% 

31%' 



8% 

92% 
111% 
58% 



50% 
-10% 
N/A 

114% 

32% 
33% 
-68% 
-32% 



-33% 
32% 



-7% 



40% 
125% 



0.02 
0.03 



0.11 
0.01 

0.27 
0.05 

0.19 
0.25 

0.07 

0.04 
0.05 
0.05 
0.63 
6.02 
0.48 



9.01 E-04 

0.37 
0.31 
0.02 



0.15 
0.03 
0.97 

0.97 

0.42 
0.01 
0.35 
0.12 



0.26 
0.03 



0.01 



0.02 
0.33 



Bolded genes were also significant tor survival in 43 tumor training set (Fig. 3b). 



% Change in Coefficient Unigene comment 
stage III f) 

Apbptosis-related ' 

57% 0.0022 Caspase A, apoptosis- 

related cysteine protease 

43% 0.0010 Transmembrane protein (63 kD), 

endoplasmic reticulum/ 
Golgi intermediate compartment 

Cell adhesion and structure 
55% 0.0003 Keratin 7 

60% 0.0027 Laminin, f51 

Cell cycle and growth regulators 
47% 0.0044 Bone morphogenetic protein 2 

148% 0.0124 CDC6 (cell division cycle 6, 

Soccnoromyces cerevisioe homolog) 
77% 0.0001 SI 00 calcium-binding protein P 

30% 0.0008 Serine (or cysteine) proteinase inhibitor, 

clade E<nexin). 
26% 0.0031 Syntaxin 1 A (brain) 

Cell signaling 
117% 0.0016 adrenomedullin 

214% 0.0010 A kinase (PRKA) anchor protein (gravin) 1 2 

87% 0.0092 ras homolog gene family, member E 

15% 0.0030 Growth factor receptor-bound protein 7 

85% 0.0013 Vascular endothelial growth lactor 

20% 0.0022 Wingless- type MMTV integration site family, 

member 10B 

Chaperones 

51% 0.0008 Heat-shock 70 kD protein 8 

Receptors 

1 20% 0.001 3 v-erb-b2 avian erythroblastic leukemia viral 

oncogene homolog 2 
73% 0.0046 ' FXYD domain-containing ion transport 

regulator 3 

66% 0.0021 Solute carrier family 20 (phosphate 

transporter), member 1 

Enzymes, cellular metabolism 
34% 0.0001 Cystatin B (stefin B) 

67% 0.0007 Cathepsinl 

2% 0.0008 Cytochrome P450, subfamily XXIV 

(vitamin D 24-hydroxylase) 
-1 % 0.0033 Fucosyltransferase 3 (galactoside 3(4)-l- 

fucosyltransferase, Lewis blood group included) 
80% 0.0007 Steroidogenic acute regulatory protein related 

-35% -0.0187 Phosphodiesterase 7A 

-1 70% -0.001 1 Plasminogen-like 

86% 0.0069 Solute carrier lamily 1 (high-affinity aspartate/ 

glutamate transporter), member 6 

* Transcription and translation 
25% 0.001 6 Core promoter element binding protein 

48% 0.0098 v-crk avian sarcoma virus CT1 0 oncogene 

homolog 

20% 0.0034 "v-rel avian reticuioendotheliosis viral 

oncogene homolog A 

Unknown function 
45% 0:0010 KIAA0005 gene product 

459% 0\0018 Mammaglobin 1 



Table 1 Selected examples of the cumulative top 1 00 genes identified using 
training-testing, cross-validation ol all 86 lung tumor samples. The percent 
change, as weH as the direction, lor the average values ol the 1 0 non- neoplastic 
lung to all tumors, and lor the 67 stage I to the 1 9 stage lit tumors are shown. A 
positive coefficient B value is indicative of a relationship ol gene expression to a 



poorer patient outcome. The genes are listed in potential functional categories. 
Genes that were also present in the top 50 survival genes using the 43-tumor 
training jet (Fig. 3b) are indicated in bold type. Complete listing ol the gene 
probe sets and annotated gene and unigene identifiers can be lound in the 
Supplementary Methods. 
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Fig. 4 Cene expression patterns of top survival genes o. Gene-expression patterns de- 
termined using agglomerative hierarchical clustering of the 86 lung adenocarcinomas 
against the 100 survival-related genes (Table 1) identified by the training-testing, cross- 
validation analysis. Substantially elevated (red) or decreased (green) expression of the 
genes is observed in individual tumors. Some tumors (black arrow and expanded area) 
show extremely elevated expression of specific genes, b. An outlier gene-expression pat- 
tern (>5 times the interquartile range among all samples) is observed for the erbB2 and 
fleolA genes (top left and right, respectively). The HOOP and crk genes (bottom left and 
right, respectively) show a graded pattern .of expression related to patient survival. O, 
alive; •>, dead (also in c). c. The number of outliers per person identified in the top 100 
genes plotted by survival distribution. 
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this difference did not reach statistical significance among all 
patients (P = 0.25), between patients within tumor clusters (P = 

. 0.41) or when analyzed separately among stage I (P = 0.22) and 
stage III (P = 0.53) patients. Nuclear accumulation of p53 was de- 
tected in 17.9% stage I and in 22.2% stage 111 tumors. No signifi- 

. cant, relationship was observed for p53 staining and patient 
survival, cluster or tumor stage. 

Confirmation using an independent set of adenocarcinomas 
The robustness of our 50-gene risk index in predicting survival in 
lung adenocarcinomas was tested using oligonucleotide gene-ex- 
pression data obtained from a completely independent 
(Massachusetts-based) sample of 84 lung adenocarcinomas (62 
..stage I, 14 stage II and 8 stage III; ref. 21, and dataset A at 
www.genome.wi.mit.edu/MPR/Iung). To ensure equivalent 
power for testing and comparability of samples, the criteria for 
including tumors in the analysis were 40% or greater rumor cellu- 
. larity, no mixed histology (that is, adenosquamous) and patient 
survival information. To obtain comparative gene-expression 
measures between the two data sets, gene sequences present on 
the U95A and HuGeneFL array were examined, and expression 
data for our top 50 cross-validation genes for all 84 Massachusetts 
samples were obtained and processed" (see also Supplementary 
Methods online ). When we examined the risk assignment of 
these 84 samples, employing the identical cutoff point used for 
the 86 Michigan-based lung samples, we observed low- and high- 
risk groups (Fig. 3g; P = 0.003). Notably, among the 62 stage I tu- 
mors, high- and low-risk groups were observed that differed 
significantly (P = 0.006) in their survival (Fig. 3ft).. 

Survival genes had graded and outlier expression patterns 

A statistical and graphical analysis of the 100 survival-related 



genes (Table 1) clustered against all 86 tumors revealed individ- 
ual tumors with substantially elevated expression in both a lim- 
ited and larger number of genes (Fig. 4a). Among these genes, we 
observed two distinct patterns of expression related to patient 
survival. One pattern, designated 'outlier', included genes show- 
ing substantially elevated expression (greater than five times the 
interquartile range among all samples), whereas the. cither pat- 
tern, designated 'graded', was characterized by continuously dis- 
tributed expression with patient survival (Fig. 4b). The err>B2 and , 
ReglA genes are examples of outlier expression patterns and 
S100P and crk genes of graded patterns. The number of outliers 
per person in the top 100 genes was identified and plotted ac- 
cording to survival times and events (Fig. 4c). Both stage I and 
stage HI lung adenocarcinomas showed outlier gene patterns 
and 10 tumors contained 3 or more outlier genes. 

Because gene amplification may result in increased gene ex- 
pression, the nine genes with outlier expression patterns (erf>B2, 
Sf,CJA6, Wnt 1, MGBl, ReglA, AKAPW, PACE, CYP24, KYNU) 
and one gene with a graded expression pattern (XJ?7T8) were ex- . 
amined using quantitative genomic PCR to evaluate genomic 
copy number (Fig. 5a). Gene amplification of erfcB2 (17ql2) was 
detected in tumor L94, which had the highest erbB2 mRNA ex- 
pression (Fig. 4a). Gene amplification was not detected for any 
of the other seven tested genes in tumor L94, as well as in other 
tumors. The two genes most frequently demonstrating the out- 
lier pattern in these lung adenocarcinomas were KYNU and 
C1T24, and were present in 10 and 9 tumors, respectively. 
CKP24 has been described as a gene amplified and overexpressed 
in breast cancer", and these results indicate elevated expression 
in lung adenocarcinoma. 

To determine whether the graded or outlier gene-expression 
patterns also occur at the protein-expression level, 10 of the 100 
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Fig. 5 Cene amplification and protein expression of survival-related genes, 
o. Analysis of potential gene amplification for 9 genes showing outlier expres- 
sion patterns in the lung tumors (erbB2, 5IOA6, Wnt 1,. MGBl, ReglA, 
AKAP\ 2, PACE, CYP24 and KYNU) and examined using quantitative genomic 
PCR. A gene showing graded expression pattern (KRT\ 8), and one gene 
(PACE4) with a similar chromosome location as PACE, were used as controls. 
Only frbB2 and RfglA are shown. An esophageal adenocarcinoma with 
known high-level genomic amplification ol erbB2 was used as a positive con- 
trol and normal esophagus DNA was used as a negative control (Ctl). PCR 
fragments sizes were 343 bp for CAPDH, 1 66 bp tor <vbB2 and 126 bp for 





Reg} A. DNA is.from normal lung (N) and tumorfj) from each patient (for ex- 
ample L37). b, Immunohistochemical analysis ol survival related genes with 
lung adenocarcinoma microanays using the tumors from this study. The 
transmembrane erbB2 protein (top left) expression is substantially increased 
in tumor L94 containing the amplified erb82 gene (Fig. 4o and b). Expression 
of VECF (top right) and SI OOP (bottom left) was located within the neoplas- 
tic cells and the pattern of immunoreactivity was consistent with the graded 
expression pattern demonstrated by their mRNA proliles. Expression of the 
oncogene crk (bottom right) was abundantly expressed in neoplastic lung 
cells. Magnification, x400 (erbB2); x200 (VECF, 51 OOP and crk). 
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top survival genes (Table ]) for which specific antibodies weie 
available were chosen for immunohistochemical analysis using 
lung-tumor arrays from this study (Fig. 5b). Expression of mem- 
brane erbB2 protein was substantially increased in the erbB2-am- 
plified tumor L94 and very low levels of expression were present 
in other tumors, consistent with mRNA-expression measure- 
ments (Fig. 4a and b). CDC6 protein expression was also sub- 
stantially higher in tumor L94; consistent with mRNA levels 
(data not shown). Expression of vascular endothelial growth fac- 
tor fVEGF) and S100P (Fig. Sb), as well as cytokeratin 18 (KRT18), 
cytokeratin 7 (KRT7) and fas-associated death domain (FADD) 
protein (data not shown), was located within the lung tumor 
cells and consistent with the graded expression pattern of the 
mRNA profiles. The oncogene crk showed both graded mRNA as 
well as a graded protein-expression pattern with survival, and 
was abundantly expressed in the tumor cells (Fig. 5b). These re- 
sults indicate that many survival-associated genes are expressed 
at the protein level and demonstrate similar mRNA and protein- 
expression patterns. 

Discussion 

We used several approaches for the analysis of gene-expression 
data related to clinicopathological variables and patient sur- 
vival. One approach, hierarchical clustering, was used to exam- 
ine similarities among lung adenocarcinomas in their patterns 
of gene expression. Previous studies of lung tumors 21 - 2 * have also 
used this method to describe subclasses of lung tumors. Here, 
we found three clusters that showed significant differences with 
respect to tumor stage and tumor differentiation. This suggests, 
as expected, that tumors with similar histological features of 
differentiation demonstrate similarities in gene expression. 
This feature also partly underlies the observed statistical associ- 
ation of tumor stage and cluster, as many of the higher-stage tu- 
mors, often poorly differentiated and previously associated 
with a reduced survival'-"', were located in Cluster 3. Although 
this cluster, contained the highest percentage of stage III tu- 
mors, it also contained a nearly equal mixture of stage I and 
stage 111 tumors and not all tumors were poorly differentiated. 
This indicates that a subset of stage I lung adenocarcinomas 
share gene-expression profiles with higher-stage tumors. 
Notably, 10 of the 1 1 stage I tumors found in Cluster 3 were the 
high-risk stage I tumors identified using the risk index in the 
'leave-one-out' cross-validation. 

In contrast to previous analyses of lung adenocarcinomas 21 - 22 , 
we validated the expression data from the arrays. The strong cor- 
relation of northern : blot analysis and. oligonucleotide-array data 
for gene expression in the same samples (Fig. 2b) indicates that 
these studies provide robust gene-expression estimates. 
Immunohistochemistry using the same tumor samples in tissue 
arrays demonstrates protein expression within the lung tumor 
cells. Together, these studies indicate that many of the genes 
identified using gene-expression profiles are likely relevant to 
lung adenocarcinoma. For example, ]GFBP3 gene expression is 
increased in lung adenocarcinomas (Fig. 2c). IGFBP3 protein 
modulates the autocrine or paracrine effects of insulin-like 
growth factors, elevated 1GFBP3 expression is observed in colon 
cancer 2 ', and increased serum 1GFBP3 is associated with progres- 
sion in breast cancer". Heat-shock protein 70.(HSP-70) is in- 
creased in lung adenocarcinomas of smokers 2 * and is associated 
with increased metastatic potential in breast cancer 2 '. Increased 
serum lactate dehydrogenase is correlated with tumor stage and 
tumor burden 30 , and cystatin C, a cysteine protease inhibitor ex- 



pressed in human lung cancers 3 ', is prognostic in some cancers 32 . 
The decreased expression of this protease inhibitor may affect 
the invasive properties of the tumor cell. 

The cross-validation analytical strategy we used is particularly 
informative for these types of gene-expression analyses for dis- 
ease outcome 33 - 31 , and identification of cross-validated genes with 
a larger tumor cohort may help refine this risk index for use in a 
clinical setting. The gene-expression data also provide opportune 
ties to observe overarching patterns that advance our under- 
standing of associations between genes and disease. For example, 
the top 100 survival genes include those involved in signaling, 
cell cycle and growth, transcription, translation and metabolism. 
Expression of many of these genes is likely a function of increased 
proliferation and metabolism in the more aggressive tumors. 
Some genes, such as erhB2 and ReglA (Fig. 4a and b), were highly 
overexpressed in a few patients having poor survival. In one 
tumor, the erbB2 gene was amplified (Fig. 5a), demonstrating that 
genomic changes may underlie the overexpression of a subset of 
these outlier genes. Immunohistochemistry confirmed protein 
overexpression in this patient's rumor (Fig. 5b). Notably, seven of 
the eight outlier genes were not amplified, indicating that other 
mechanisms underlie the increased mRNA expression of these 
survival : related genes. 

Most genes showed a graded relationship between expression 
and patient survival. Genes such as that encoding VEGF, known 
to be strongly associated with survival in lung cancer"- 3 ' were 
identified as related to patient survival in our study. VEGF 
demonstrated a graded expression pattern, as did the S100P and 
crk oncogene (Fig. 5b). SI OOP is a calcium-regulated protein not 
previously reported in lung cancer. The ark gene, the cellular ho- 
molog of the v-crk oncogene, is a member of a family of adaptor 
proteins. involved in signal transduction and interacts directly 
with c-jun N-terminal kinase 1 (JNK1) 3 '. Although crk has not 
been shown to have a role lung cancer, its role in the MAP-ki- 
nase pathway, which leads to' activation of matrix metallopro- 
teinase secretion and cell invasion 3 ", indicates potential 
involvement in the the tumor cell invasion or metastasis of 
some lung adenocarcinomas. Among the many genes identified 
in this study, like crk, that may be causally involved in lung can- 
cer progression (Table 1), some were related to survival in many 
patients, and others in only smaller subsets of patients. This re- 
sult is consistent with the complex molecular architecture of tu- 
mors in general, the heterogeneity of lung adenocarcinomas in 
particular and the multiple mechanisms underlying tumor-cell 
survival, invasion and metastasis 35 . 

Our results demonstrate that a gene-expression risk profile- 
based on the genes most associated with patient survival — can 
distinguish stage I lung adenocarcinomas and differentiate prog- 
noses. The particular genes that define the clusters, or are associ- 
ated with survival, likely reflect the characteristics of the 
particular tumors included in the analysis. Current therapy for 
patients with stage I disease usually consists of surgical resection 
without adjuvant treatment 2 -'. Clearly, the identification of a 
high-risk group among patients with stage I disease would lead 
to consideration of additional therapeutic intervention for this 
group, possibly leading to improved survival of these patients. 

Methods 

Patient population. Sequential patients seen at the University o! Michigan 
Hospital between May 1994 and Jury 2000 lor slage I or stage III lung ade- 
nocarcinoma were evaluated for this study. Consent was received and the 
project was approved by the local Institutional Review Board. Primary tu- 
mors and adjacent non-neoplaslic lung tissue were obtained at the time of 
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surgery. Peripheral portions ol resected long carcinomas were sectioned, 
evaluated by a study pathologist and compared with routine H&E sections 
ol the same tumors, and utilized lor mRNA isolation.' Regions chosen for 
analysis contained a tumor cellularity greater than 70%, no mixed histol- 
ogy, potential metastatic origin, extensive lymphocytic infiltration or fibro- 
sis. Tumors were histopathologicalry divided into two categories based on 
their growth pattern: bronchial-derived, if they exhibited invasive features 
with architectural destruction, and bronchioloafveplar, if they exhibited 
preservation of the lung architecture. All stage I patients received only sur- 
gical resection with intra-thoracic nodal sampling and no other treatments. . 
Stage III patients received surgical resection plus chemotherapy and radio- 
therapy. 

Gene-expression profiling and K-ros mutation analysis. RNA isolation, 
cRNA synthesis and gene-expression profiling were performed as de- 
scribed 1 '. Details ol gene annotation and K-ros mutation analysis are pro- 
vided in supplementary information. 

Northern-blot analysis. Total cellular RNA (1 0 ug) was separated in 1 .2%. 
agarose-formaldehyde gels and vacuum-transferred to Gene Screen Plus 
(NEN Life Science Products, Boston, Massachusetts). Hybridization condi- 
tions and probe labeling were as described". Individual sequence-validated 
cDNA image clones for human ICFBP3 (clone 1407750), LDH-A (clone 
2420241), cystatin C (CTS3; clone 949938) were from Research Genetics 
. (Huntsville, Alabama). The human histone H4 cDNA and the 2SS ribosomal 
RNA 26-mer oligonucleotide probe were prepared and labeled as de- 
scribed". 

Gene-amplification analysis. 1 1 genes were selected for the analysis of ge- 
nomic alterations. Primers were designed using PrimerSelect 4.05 Windows 
32 software (DNASTAR, Madison, Wisconsin), avoiding pseudogenes or po- 
tential homologous regions. Forward and reverse primers for the genes are 
provided (Supplementary Methods online). Quantitative genomic-PCR was 
then applied and analyzed as described". 

Immunohistochemical staining. The H&E-stained slides of all primary 
lung tumors were used to identify the most representative regions of each 
tumor and a tissue microarray (TMA) block was constructed as described 43 . 
Immunohistochemistry (IHC) was performed using both routine and sec- 
tions from the TMA block as described". Detailed methods and the con- 
centrations used for all antibodies are provided in the Supplementary 
Methods. 

Statistical methods, (-tests were used to identify differences in mean gene- 
expression levels between comparison groups. Agglomerative hierarchical 
clustering" was applied using the average linkage method to investigate 
whether there was evidence for natural groupings of tumor samples based 
on correlations between gene-expression profiles.. To investigate the ro- 
bustness ol the clustering inlerence, gene-expression values were per- 
turbed by adding random Gaussian error of magnitude obtained from a 
duplicate sample to each data point and then reclustered to determine con- 
' cordance in the tumor's class membership. Pearson,, x* and Fisher's exact 
tests were used to assess whether cluster membership was associated with 
physical and genetic characteristics of the tumors. 

To determine whether gene-expression profiles were associated with 
variability in survival times, 2 separate but complementary approaches 
were used. In the first approach, the 86 tumors were randomly assigned to 
equivalent training and testing sets consisting ol equal numbers of stage I 
and III tumors in order to validate a novel risk-index function that captured 
the effect of many genes at once. In the second approach, cross-validation** 
was used to more, robustly identify the genes associated with survival. 
Briefly, a 'leave-one-out' cross-validation procedure in which 85 ol the 86 
lumors (the training set) was used to identify genes that were univariatety 
associated with survival. The risk index was defined as a linear combination 
ol the gene-expression values lor the top genes identilied by univariate Cox 
proportional-hazard regression modeling* 5 , weighted by their estimated re- 
gression coefficients. Kaplan-Meier survival plots and log-rank tests were 
then used to assess whether the risk-index assignment to high/low cate- 
gories was validated in the test set. A more detailed description is provided 
(Supplementary Methods online). 



Note: Supplementary information is available on the Nature Medicine website. 
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Abstract 



The analysis of cytokine profiles plays a central pari in the characterization of disease-related inflammatory pathways and 
the identification of functional properties of immune cell subpopulations. Because tissue biopsy samples are too small to 
allow the detection of cytokine protein, the detection of mRNA by RT-PCR analysis is often used to investigate the cytokine 
milieu in inflammatory lesions. RT-PCR itself is a qualitative method, indicating the presence or absence of specific 
transcripts. With the use of internal or external standards it may also serve as a quantitative method. The most widely 
accepted method is quantitative competitive RT-PCR. based on internal shortened standards. Recently, online real-time PCR 
has been introduced (LightCycler*), which allows quantitation in less than 30 min. Here, we have tested its use for the 
analysts of cytokine gene expression in different experimental in vilro and ex vivo settings. First, we compared quantitative 
competitive RT-PCR with real-time RT-PCR in the quantitation of transcription levels of the CD4* cell-specific 
chemoattractant lnterleukin-16 during the maturation of monocyte-derived dendritic cells, and found a good correlation 
between both methods. Second, differences in the amounts of 1L-16 mRNA in synovial tissue from patients with rheumatoid 
arthritis and osteoarthritis as assessed by real-time RT-PCR paralleled differences in the level of IL-16 protein in the 
synovial fluid. Finally, we employed real-time RT-PCR to study the cutaneous expression of several cytokines during 
experimental immunomodulatory therapy of psoriasis by Inierleukin-10, and demonstrate that the technique is suitable for 
pharmacogenomk monitoring. In summary, real-time RT-PCR is a sensitive and rapid tool for quantifying mRNA 
expression even with small quantities of tissue. The results obtained do not differ from those generated by quantitative 
competitive RT-PCR. © 2000 Rlsevier Science B.V. All rights reserved. 
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Recent studies have shown that several chronic 
inflammatory disorders are associated with specific 
changes in the balance between pro- and anti-in- 
flammatory cytokines in affected compared to nor- 
mal tissue. For example, in two types of chronic skin 
inflammation, psoriatic lesions are characterized by a 
preferential expression of Thl-typc cytokines (Uye- 
mura et al., 1993; Schlaak et al., 1994), whereas in 
early lesions of atopic dermatitis Th2-type cytokines 
have been observed (Sagcr ct al., 1992; Neumann et 
al., 1996). However, the characterization of cytokine 
profiles is often hampered by the fact that only small 
amounts of tissue (typically punch biopsies) are 
available for investigation. Hence, quantitative in- 
vestigations on the protein level are rarely under- 
taken, as detection methods sucli as ELISA are not 
sensitive enough and permit the analysis of only a 
limited number of factors from one sample. There- 
fore, expression analysis is often performed at the 
mRNA level by Northern blot analysis or RT-PCR. 
While Northern blot analysis requires considerable 
amounts of tissue material, RT-PCR is a highly 
sensitive method allowing the detection of mRNA 
transcripts from small quantities due to the exponen- 
tial amplification process. RT-PCR is a qualitative 
method indicating the presence or absence of specific 
transcripts. Due to the exponential amplification and 
inter-sample variations in amplification efficiency, 
the amount of PGR product obtained does not 
provide a valid measure for the amount of a specific 
transcript present within the sample (Gilliland et al., 
1990). By using external or internal standards, the 
amplification process can be controlled, allowing 
RT-PCR to be used quantitatively. The currently 
preferred method is quantitative competitive RT- 
PCR, where shortened constructs (internal standards) 
compete for the same sequence-specific primer pairs 
and are co-amplified in the same reaction tube 
{Gilliland et al., 1990). The wild-type and internal 
standard PCR products can afterwards be separated, 
e.g., by agarose gel electrophoresis, and subsequently 
quantified. To control for inter-sample variations, 
cytokine expression levels are standardized for a 
housekeeping gene, usually [i-actin or GAPDH. This 
method is accurate, but tedious and time consuming. 
Recently, real-time PCR has become available, using 



either labelled sequence-specific probes (e.g., 
TaqMan*'. Heid et al.. 1996) or a fluorescent dye 
(e.g.. SYBR Green, cthidium bromide, Higuchi et al., 
1992) to monitor the formation of PCR products. 
However, since competitive and real-time RT-PCR 
use different approaches for quantitation (internal 
versus external standards), it has been unclear 
whether both techniques give identical results when 
quantifying cytokine expression. Therefore, in this 
study we have tested both methods for the quantita- 
tion of the CD4 + specific chemoattractant IL-16 
during the maturation of monocyte-derived dendritic 
cells. Next, wc investigated whether teal-time RT- 
PCR could be used to quantify cytokine gene 
expression in small tissue samples. In patients with 
rheumatoid arthritis we compared IL-16 mRNA 
expression levels in synovial membrane tissue with 
protein expression in synovial fluid. Third, we used 
real-time RT-PCR to analyse the effects of subcuta- 
neous IL-10 therapy on cutaneous proinflammatory 
cytokine pathways in psoriasis (Reich et al., 1998). 
We found that (i) quantitative competitive and real- 
time RT-PCR gave comparable results when qu;in- 
titating IL-16 mRNA levels in monocyte-derived 
dendritic cells; (ii) the results of TL-16 mRNA 
quantitation by real-time RT-PCR from synovial 
membrane correlated well with IL-16 protein levels 
in the affected joints of rheumatoid arthritis and 
osteoarthritis patients; and (iii) real-time RT-PCR 
allowed the simultaneous detection of multiple dis- 
ease-related cytokines in psoriasis and could be used 
for pharmacogenomic monitoring of experimental 
immunomodulatory therapy. 



2. Materials and methods 

2.1. Generation of dendritic cells 

Dendritic cells were generated according to a 
modified protocol as previously described (Reich et 
al., 1999). Briefly, CD14" (purity >85%) cells were 
positively selected from the peripheral blood mono- 
nuclear cells of healthy volunteers («=3). Immature 
dendritic cells were obtained by incubation for 5 
days in RPMI 1640/5% PCS, supplemented with 50 
ng/ml rhlL-4 (Pharma Biotechnologie, Hanover, 
Germany) and 50 ng/ml rhGM-CSF (kindly pro- 
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vided by Schering-Plough Research Institute, Kenil- 
worth, NJ, USA). Maturation of dendritic cells was 
induced by additional culture with 100 ng/ml TNF« 
(Pharma) and 509c (v/v) monocyte conditioned 
medium {Romani ct al., 1996) for 3 days (Palucka ct 
al., 1998). On day 8. mature dendritic cells were 
resiispended in medium/ FCS and stimulated with 
TNFa (100 ng/ml) and IL-ip (10 ng/ml, Strath- 
mann Biotech. Hanover. Germany) or TNFh, 1L-1B 
and 1L-10 (10 ng/ml, Strathmann). During culture, 
cells were harvested for RNA extraction on days 0, 
2, 5, 7, 8 (before stimulation and 6 h after the 
addition of stimuli) and day 9. All donors in this 
study gave informed consent after the nature and 
possible consequences of the study had been fully 
explained. 



•a!-'.. 

iffs : 2.2. Psoriasis patients and IL-10 therapy 



Fourteen patients with chronic plaque psoriasis 
who had not received systemic immunosuppressive 
therapy including PUVA for at least 4 weeks or 
specific topical treatment for ut least 2 weeks before 
study entry, were treated with rhIL-10 (4 |xg/kg 
body weight, ESSEX Pharma, Munich, Germany) 
subcutaneously as previously described (Reich et al., 
1 998). The clinical response to therapy was recorded 
us changes in the psoriasis activity and severity index 
(PASI) every week. Punch biopsies were obtained 
from the same marker plaque before and after 42 
days of therapy and snap frozen in liquid nitrogen. 
Control biopsies were obtained from healthy vol- 
unteers (n=5). 



2.3. Synovial samples 

Synovial fluid was collected from patients with 
RA («=I5) or OA (n— 15). Synovial membrane 
tissue (RA, «=25; OA, rc=10) was obtained from 
patients undergoing synovectomy or arthroplasty. 



2.4. ELISA procedure for IL-16 



IL-16 was detected in synovial fluid by a solid- 
phase sandwich ELISA (Biosource, Ratingen, Ger- 
many) according to the instructions of the manufac- 
turer. Fifty |xl of sample material were used per well, 



and values, were determined in duplicate. The sen- 
sitivity of the assay was 5 pg/ml. 

2.5. RNA extraction and cDNA synthesis 

Total RNA was prepared (RNeasy, Qiagen, Hil- 
den, Germany), according to the instructions of the 
manufacturer, from synovial membrane, harvested 
dendritic cells (0.5-1 X10 6 cells) and cryostat sec- 
tions (30X20 u.m) from punch biopsies. After a 
DNAse digestion step (FPI.C-pure DNAse I, Phar- 
macia, Freiburg, Germany), reverse transcription 
(Superscript. II, Gibco, Eggenstein, Germany) was 
performed as previously described (Blaschke et al., 
1999). 

2.6. Generation of internal standards 

Internal standards were generated as previously 
described (Blaschke ct al., 1996, 1999). Briefly, the 
B-actin F/R (Genbank accession number X00351, 
p-actin F 5'-»3': CCCAGCCATGTACGTTGCTAT; 
B-actin R 5'-»3': GGGTGGCTTTTAG- 
GATGGCAA, product size, 1047 bp, all oligonu- 
cleotide primers by MWG, Ebersberg, Germany) and 
IL-16 F/R (M90391, IL-16 F; CGAAGAC- 
TCAGCTGCAAAT; TL-16 R: GCCAGGCAT- 
GAATGTCATA. 1223 bp) PCR products were 
cloned into the Smal restriction site of the transcrip- 
tion vector pBluescript (Stratagene, Heidelberg, Ger- 
many). Fragments of 224 bp {Saul, PpiMV) and 285 
bp (Ball. CWTI.) were removed from the constructs 
by double restriction enzyme digestion, respectively. 
Afterwards, the free 5'- and 3 '-ends were blunted by 
the Klenow fragment (Pharmacia), religated and 
recloned (now termed 'internal standards'). They 
were then linearized by restriction enzyme digestion 
with BamHI in the polylinker region, quantified by 
densitometric comparison to \-DNA/tff«dIII frag- 
ments (Gibco) and 10-fold dilution series were 
prepared in water. All PCR products used in this 
study were identified by cycle sequencing. 

2.7. Quantitative competitive PCR 

Two-fold dilution series starting with 2 u.1 of 
cDNA in 11 u,l of water were prepared and 5-jxl 
aliquots were added to PCR reaction mixes con- 
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taining a constant known amount of the internal 
standard. After PCR, agarose gel electrophoresis was 
performed in the presence of etliidiuin bromide and 
the upper (representing wild-type cDNA) and lower 
(internal standard) bands were quantified by den- 
sitometry. After correcting for PCR product size, the 
ratios of the corresponding bands from the PCR 
reaction were used to quantify the molar amounts of 
P-actin or IL-16 cDNA molecules in the cDNA 
sample. Values were determined in duplicate. For 
each sample, the ratio of the molar amounts of IL-16 
and p-actin per u.1 cDNA was calculated. 

2.8. Generation of external standards fnr real-time 
RT-PCR 

Real-time RT-PCR on the LightCycler' s (Roche 
Diagnostics, Mannheim, Germany) was performed in 
a total volume of 20 p.1 in the presence of 2 \jA of 
10X reaction buffer (Taq polymerase, dNTPs, 
MgClj, SYBR Green, Roche Diagnostics), and 2 u,l 
of cDNA (or water as negative control, which was 
always included). MgCU was added to a final 
concentration of 4 mM, and 11.25 pmol of each 
oligonucleotide primer (Actin-LF: CCCAAGGCCA- 
ACCGCGAG A AGAT, productsize, 2 1 9 bp; Act.in-LR; 
GTCCCGGCCAGCCAGGTCCAG; 1L16-LF: AAG- 
GGGCATCTCCAACATCATCAT, 332 bp; IT J 6-LR: 
CTCCTGCCAAGCrCAACCCAAGAC; IL8-LF: 
CAGTTTTGCCAAGGAGTGCTAA, Genbank acc. 
no. X029I0, 513 bp; IL8-LR: CCCGTGCAATAT- 
CTAGGAAAATC; TNFa-LF: GGCTCCAGGCGG- 
TGCTTGTTC, M28130, 409 bp; TNFa-LR: AG- 
ACGGCGATGCGGCTGATG; CXCR2-LF: GCCCT- 
GCCTGTCTTACTTTTC, M73%9, 509 bp; 
CXCR2-LR: TTGGCCAGCCTGATTTTCTTTC; 
IFN-y-LF: TTTGGGTTCTCITGGCTG'ITACT, M- 
29383, 418 bp; IFN7-LR: CCTTTTTCGCTTC- 
CCTCTTTT) were added. Real-time PCR was per- 
formed in glass capillaries with an initial denatura- 
tion step of 30 s at 95°C, followed by 40 cycles of 0 
s at 95°C, 5 s annealing temperature (P-actin, 66°C; 
IFN7, 59°C; TNFa, 67°C; CXCR2. 58°C; IL-8, 
55°C; IL-16, 62°C) and (product length (bp)/25) s 
72°C. At the end of each cycle, the fluorescence 
emitted by the SYBR Green was measured. After 
completion of the cycling process, samples were 
subjected to a temperature ramp (from 5°C above 



annealing temperature to 95°C at 2'C/s) with con- 
tinuous fluorescence monitoring for melting curve 
analysis. Samples were loaded on an agarose gel. 
excised, quantified by deusitometric comparison to 
\-DNA///widIIl fragments (Gibco) and 10-fold dilu- 
tion series prepared in water, ranging from 10 aruol/ 
ftl to 0.0001 amol/u.1 (representing 6X10 6 to 60 
copies/uJ). For each PCR product, apart from 
primer-dimers, a single narrow peak was obtained by 
melting curve analysis at the specific melting tem- 
perature and only a single band of the predicted size 
was observed by agarose gel electrophoresis, indicat- 
ing specific amplification without significant byprod- 
ucts. Due to their high dilution factors, standard 
concentrations in the dilution series could not be 
measured directly. However, the fidelity of the 
dilution process could be assessed as a standard 
curve was generated (see below). By this method, the 
dilution series of the internal standards were also 
assessed after appropriate adaptation of the cycling 
parameters. 

2.9. Quantitation of cDNA by real-time RT-PCR 

From the melting curve, melting temperatures of 
the primer-dimer product and the specific PCR 
product were obtained. To exclude primcr-dimer 
artefacts, fluorescence was not measured at the end 
of the extension step, but a separate detection step 
was added (2 s) at a temperature (P-actin, 87°C; 
IFN-y, 80°C; TNFot, 88°C; IL-8. 80°C; IL-16, 83 C C; 
CXCR2, 85°C) above the melting point of primer- 
dimers and below the melting point of the specific 
PCR product. From the external standards, a cali- 
bration curve was automatically generated. Samples 
(determined in duplicate) were quantified accordingly 
(LightCycler* analysis software, version 3.39). As 
with quantitative competitive RT-PCR, samples were 
standardized for p-acun. 

2.10. Statistics 

All data groups were tested for Gaussian dis- 
tribution. Statistical analysis was by the paired or 
unpaired t-test when applicable. Correlation between 
variables was analysed by Spearman's correlation 
coefficient. Variables are described by 
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mean±standard deviation (S.D.) or by median and 
range. Two-tailed P values <0.05 were considered 
as statistically significant. Statistical analysis was 
performed using the prism 2.01 software (GraphPad, 
San Diego. CA, USA). 



3. Results 



3. I. Quantitation of 1L- 16 production during 
maturation of dendritic cells hy quantitative 
competitive RT-PCR 

When wild-type cDNA and internal standard were 
co-amplified in the same tube, both competed for the 
binding of oligonucleotide primers according to their 
molar ratio, resulting in two distinct bands as ob- 
served by gel electrophoresis (Fig. I ). Bands were 
quantified by densitometry. After correcting for 
product size, the densitometric ratio of the corre- 
sponding bands was calculated for each lane. Given 
the amount of internal standard used for PCR and the 
dilution factor of the cDN A, the amount of TL- 1 6 
cDNA present in the sample could be calculated 
from each lane. Typically, four of the five lanes were 
suitable for analysis and were averaged. To allow for 
the comparison of different samples, results were 
standardized for B-actin. On day 0, there was a 
substantial expression of 1L-16 in purified mono- 
cytes, which was markedly reduced on day 2. During 
: dendritic cell maturation, 1L-16 expression peaked in 







1 


1/2 1/4 1/8 1/1-6 













Fig. I. Example of quantitative competitive RT-PCR. Two-fold 
dilution series of cDNA (1—1/16. upper bands) were coamplified 
with constant amounts of internal standard (lower bauds). Band 
intensities were evaluated by densitometry and the ratio obtained 
from the lanes (typically four of five lanes were suitable) was used 
to calculate copy numbers. 



immature day 5 dendritic cells and declined with 
final maturation (Fig. 2). 

3.2. Quantitation of IL-16 in dendritic, cell culture 
by real-time RT-PCR 

Fluorescence in the capillary increased with PCR 
product formation in a linear fashion, although 
signals were found to arise not only from the specific 
PCR product, but also from primer-dimer products. 
Therefore, it was important to measure the specific 
fluorescence at a temperature above the melting 
temperature of the primer-dimer product, i.e., a 
temperature at which primer-dimers had completely 
melted into single .strands. The melting temperature 
of primer-dimer products could be determined from 
the negative control sample, and similarly the spe- 
cific target melting temperature could be obtained 
(Fig. 3A). Typically, melting temperatures of 
primer-dimer and specific target products were at 
least 5°C apart. Using an intermediate temperature 
lor quantitation, no specific fluorescence could be 
detected in the negative control (Fig. 3B-D). The 
amount of standard was inversely proportional to the 
number of amplification cycles necessary to detect a 
significant fluorescent signal above background 
(threshold cycle. Fig. 3C). For data analysis, the 
fit-point method was used to manually set the 
threshold between background and significant fluo- 
rescence. Given the small numbers of target copies 
within the cDNA samples, this method proved 
superior to the second-derivative method offered by 
the analysis software. A standard curve was gener- 
ated from plotting external standard concentrations 
against threshold cycle (Fig. 3D). The amount of 
target copies in the sample was calculated from the 
sample threshold cycle as compared to the standard 
curve. All samples were determined in duplicate, and 
variations were typically within 10%. 

J.J. Correlation of quantitative competitive PCR 
and real-time RT-PCR 

The results obtained by quantitative competitive 
RT-PCR and real-time RT-PCR for IL-16 gene 
expression during dendritic cell maturation (Hg. 
2A,B) and after stimulation of mature dendritic cells 
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Fig. 2. IL-16 mRNA expression during dendritic cell maturation. Expression of IL-16 mRNA (n = 3) was quantified by competitive 
quantitative RT-PCR and real-time RT-PCR. Results were standardized for day 0. (A) Results did not differ significantly between both 
methods (mean±S.D.). (B) A single, typical time course is shown. 



with proinflammatory cytokines (data not shown) 
were similar. Thus, in a total of 27 samples quan- 
tified in parallel by both methods, we found a good 
correlation between both methods (Spearman r= 
0.72, P<0.0001). 



3.4. IL-16 expression is increased in rheumatoid 
arthritis us compared to osteoarthritis 

In synovial fluid from RA patients, IL-16 protein 
was significantly increased when compared to the 
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Fig. 3. Quantitation of CXCR2 by real-time RT-PCR. (A) Melting temperatures for the primei-rlimer product (82°C. negalive control, 
sample 8) and the specific target product (88"C) were determined in order to obtain the optimal temperature for fluorescence detection 
(WC). (B) Ten-fold dilution scries ranging front LOO amol/ui (sample 1) to 0.0001 amol/u.1 (sample 7). a negative control (.sample 8) and 
a test sample (9) were subjected to real-time RT-PCR. By agarose gel electrophoresis, a single specific band was observed. (C) The 
threshold was set to a fluoresceace intensity where all samples gave a detectable specific signal. The threshold cycle is defined by the point 
where sample fluorescence crosses the threshold (arrow). (D) A standard curve is generated (insert), allowing the test sample concentration 
to be determined- ft is noteworthy that according to their respective threshold cycles, samples 4 and 9 contain similar amounts of target 
copies. From cycle 25 onwards, their specific fluorescence signals diverge and the final fluorescence emitted by sample 9 equals that of 
sample 2. which coniains 100-fold more target copies. However, the threshold cycle is determined much earlier (see graph' c). This indicates 
that end-point fluorescence detection is not a valid method for quantitation. 
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values in synovial fluid samples from OA patients 
(Fig. 4A). Similar results were obtained for mRNA 
levels (Fig. 4B) by real-time RT-PCR. Therefore, in 
this model, increased mRNA levels as detected by 
real-time RT-PCR coincide with increased protein 
expression as determined by ELISA. 



3.5. Change in cytokine and cytokine receptor 
levels during IL- 10 therapy nf patients with 
psoriasis 

Before the initiation of IL-IO therapy, levels of 
TNFa, IFN7, 1L-8 and its receptor CXCR2 were 
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Fig. 4. IL-16 expression in rheumatoid arthritis. (A) IL-16 was 
quantified by ELISA in synuvial fluid from patients with RA 
(n=15) and OA (n=15). (B) 11-16 mRNA expression was 
quantified in synovial membrane tissue (RA, ;i=25; OA, n = 10) 
by real-time quantitative RT-PCR. Whiskers indicate data range, 
boxes extend from the 25-75th percentile and the horizontal lines 
indicate the me<|ian. Asterisks indicate significantly lower values 
in OA patients compared to RA patients (P<0.05). 



markedly elevated in active psoriasis (;i = 14) when 
compared to normal skin (n=5). reflecting Icsional 
inflammation. After 42 days of therapy, cutaneous 
levels of the proinflammatory cytokines and CXCR2 
were significantly decreased (Fig. 5). This decrease 
was associated with a marked reduction in clinical 
disease severity as indicated by a decrease of the 



PASI score from 22.4 to 8.4 at the end of treatment 
(f <0.<MX)1, Wilcoxon signed rank test, Reich et aL 
submitted). However, cytokine levels at the end of 
therapy remained above those detected in normal 
skin, and a complete remission of clinical symptoms 
was not observed in any of the treated patients. 



4. Discussion 

In this study, we have evaluated the use of real- 
time quantitative RT-PCR technology for the de- 
tection of cytokine gene expression in cultured cells 
and small tissue samples. The validity of the method 
was studied using different experimental applications 
of RT-PCR in cytokine analysis. First, the results 
obtained for IL-16 gene expression by real-lime 
RT-PCR in monocyte-derived dendritic cells were 
compared lo those obtained by the currently pre- 
ferred method, quantitative competitive RT-PCR. 
Second, mRNA levels of cytokines determined by 
real-time RT-PCR in synovial tissue from arthritis 
patients were correlated with protein expression in 
synovial fluid. Third, the effect of immuno- 
modulatory therapy on cytokine gene expression in 
psoriatic skin lesions as determined by real-time 
RT-PCR was compared with the decrease of clinical 
symptoms. Our results clearly show that real-time 
RT-PCR is a useful method for quantifying even low 
level cytokine gene expression. 

RT-PCR has proven to be a useful tool to study 
mRNA expression in small amounts of tissue, e.g., 
for the study of cytokines in the pathogenesis of 
disease. Although it is possible to homogenize fresh 
material for the quantitation of cytokines in the 
supernatant (Beck et al., 1996), the tools (such as 
ELISA) are not sensitive and permit only a very 
limited number of analyses. Since biopsy material is 
often paraffin embedded or cryopreserved, ELISA 
determinations may not be possible. From cryop- 
reserved material, mRNA can be extracted for North- 
ern blot analysis, but more than 10 u.g of total RNA 
may be needed for the detection of a single cytokine, 
which exceeds the yield from typical skin biopsies. 
Therefore, because of its high sensitivity, RT-PCR 
has increased in popularity. However, since target 
sequences are theoretically amplified some 2 -fold, 
small variations in amplification efficiency may lead 



From (613) 998-3257 



Order # 06859270DP05739200 Fri 11 May 2007 09:18:01 PM EDT 



Page 10 of 13 



:)f treatment 
Reich et al., 
the end of 
I in normal 
il symptoms 
ralients. 



use of real- 
for the dc- 
ultured cells 
' the method 
applications 
the results 
ly real-time 
: cells were 
mently pre- 
e RT-PCR. 
termined by 
om arthritis 
spression in 
f immuno- 
xpression in 
>y real-time 
e of clinical 
iat real-time 
ng even low 

ool to study 
tissue, e.g., 
iogenesis of 
genize fresh 
ines in the 
ols (such as 
nnly a very 
y material is 
ved, EL1SA 
; rom cryop- 
; .d for North- 
if total RNA 
jjle cytokine, 
<in biopsies, 
ty, RT-PCR 
since target 
me 2 ,5 -fold, 
cy may lead 



§ 



V. Btaschke. ei al. / Journal of ImmunrtaRical Methods 246 (2000) 79-90 



87 



0.06 
0.04 
0.02 



0 




CO 
I 


0.01 


t£ 




*? 










0.00 


B 


1.0 




0.8 


c 






0.6 


oa. 




a 
u_ 


0.4 


z 




t- 






0.2 




0.0 




IL-8 



CXCR2 



pre post control 




1.0 




0.8 


c 




0 






0.6 


1 




2 


0.4 


u 


X 




O 


0.2 




0.0 





post control 



TNFa 




IFNy 




0.015 
0.012 
0.009 
0.006 
0.004 



c 

tJ 
n 

1 

cs 
Z 



0.002 



0.000 



post control 



pre post control 



Fig. 5. Modulation of cytokine expression in psoriatic lesions by 1L-I0 therapy. Fourteen patients with chronic plaque psoriasis were treated 
subculaneously with IL- 10 lor 42 days. Before and after therapy, cytokine expression within the marker lesion was quantified by real-time 
RT-PCR. (A) IL-8 and its receptor CXCR2. (B) TNFu and IFNt. All post-treatment levels are significantly reduced as compared to 
pre-trealmenl levels, but still significantly elevated above normal skin (control). MeaniS.D.. asterisks indicate significant inter-group 
differences for each cytokine and receptor (F <0.05). 



to significant changes in PCR product yield (Gilli- 
land et al., 1990). The reason for inter-sample 
variations of amplification efficiency are poorly 
understood, hut inhomogeneous heat distribution 
within common thermal block cyclers might play an 
important role. It is therefore generally agreed that 
quantitation by simple PCR product densitometry is 
obsolete. With the introduction of internal standards 




into the amplification process, amplification ef- 
ficiency can be monitored (Siegling et al., 1994). To 
compare different samples, variations between sam- 
ples, e.g., during reverse transcription, need to be 
controlled by quantifying a housekeeping gene (e.g., 
P-actin, Platzer et al., 1992), which is assumed to be. 
equally expressed in the investigated tissues. How- 
ever, the generation and coamplification of internal 
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standards, which usually consist of shortened PCR 
fragments, is difficult and time consuming. There- 
fore, in an alternative approach, dilution series of the 
target product are prepared as external controls and 
used to generate calibration curves (Hcid ct aJ., 
1996). In the absence of internal controls it is 
necessary that all samples are amplified with the 
same efficiency. While common thermal block 
cyclers may not he suitable in this case, cyclers 
providing a homogeneous thermal distribution, such 
as the hot-air vent cyclers, could overcome this 
problem. In fact, as described in this study using the 
LightCycler® system (Roche Diagnostics), the intcr- 
sample variation in amplification efficiency was 
small as results obtained from duplicate samples 
typically differed by less than 10%. 

Quantitation by LightCycler® real -time RT-PCR is 
based on the threshold cycle method. For each 
sample, a determination is made of the cycle number 
at which the fluorescence related to the amount of 
double-stranded DNA is significantly elevated above 
background fluorescence. The more specific tran- 
scripts that are present, the less cycles are necessary 
to generate a significant signal (Heid et al., 1996). 
By using externa] standards, a calibration curve can 
be generated and samples can be quantified accord- 
ing to their threshold cycle. When hot air is used to 
heat or cool sample tubes, e.g., glass capillaries in 
this system, the cycling and subsequent analytical 
process may take as little as 30 min as compared to 
several hours with conventional PCR cyclers and 
agarose gel electrophoresis. In contrast to the com- 
mon gel electrophoretic bands, which indicate suc- 
cessful and specific amplification of the specific PCR 
product, the LightCyler* system provides a melting 
curve analysis of the PCR products. With optimized 
cycling parameters, only the specific PCR product is 
obtained, resulting in a single narrow melting peak, 
which correlates with a single band by gel electro- 
phoresis. During subsequent real-time PCR reactions, 
PCR product identity can routinely be ascertained by 
a melting curve analysis. As with ordinary RT-PCR, 
primer-dimer formation also occurred during real- 
time RT-PCR. However, in each case it was possible 
to select a temperature at which primer-dimers had 
completely melted, but at which the specific PCR 
product was not 1 affected. Importantly, by using this 
temperature during fluorescence detection, no signals 



were observed in negative control reactions. It is also 
noteworthy that because quantitation is performed 
early during PCR, it is independent of variations 
possibly occurring during late stages of the cycling 
process (compare Fig.. 3). Analysis of the standard 
dilution series revealed that as little as 120 target 
copies could reliably be quantified with this method. 

In this study, we used quantitative real-time RT- 
PCR to investigate the expression of IL-16. a 
chemoattractant specific for CD4-bearing cells. IL- 1 6 
is regarded as a proinflammatory cytokine since it 
has been shown to upregulate Hl.A-DR as well as 
CD25-expression (Parada et al., 1998). Recently 
identified cellular sources of IL-16 include T-cells, 
eosinophils and mast cells. h\ cutaneous inflamma- 
tory responses, e.g., in atopic and contact dermatitis, 
a strong CD4 + infiltrate is observed. We therefore 
speculated that IT .-16 might be involved in recruiting 
die infiltrate and sustaining the inflammatory re- 
sponse. We focused on monocyte-derived dendritic 
since these resemble cutaneous dendritic cells, the 
most important antigen-presenting cells in human 
skin. During maturation of monocyte-derived de- 
ndritic cells we observed a strong expression shortly 
alter monocyte purification. After 2 days of culture, 
IL-16 gene expression was markedly reduced. Al- 
though cells were purified by positive CD14 selec- 
tion, we cannot exclude contamination with lympho- 
cytes and granulocytes. It is therefore likely that the 
nigh initial expression of IL-16, followed by a 
dramatic decrease during the following 2 days, 
originated from contaminating cells which rapidly 
disappeared from the cultures. During culture of 
dendritic cells IL-16 expression peaked in immature 
dendritic cells (day 5) and declined with maturation. 
A similar expression pattern has recently been shown 
for 1L-12, another proinflammatory cytokine with 
strong effects on T-cells (Kalinski et al., 1999). The 
decreased production of cytokines such as IL-12 and 
IL-16 in vitro may correspond to a reduced cytokine 
release from dendritic cells migrating from skin to 
regional lymph nodes in vivo. Such a mechanism 
would limit the effects of dendritic cell-derived 
cytokines to the site of initial antigen challenge. 

Secondly, we have investigated the role of IL-16 
in rheumatoid arthritis. In contrast lo osteoarthritis 
patients, a significant CD4 + infiltrate is present in 
the affected joints of patients with rheumatoid arth- 
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ritis. In rheumatoid patients, elevated levels of IL-16 
have been reported in the synovial fluid and the 
expression of IL-16 has been demonstrated by in situ 
hybridization in the synovial membrane (Franz el al., 
1998). By real-time RT-PCR we found that IL-16 
mRNA is expressed in lesional synovial membrane 
tissue at significantly higher levels than in OA. This 
observation was paralleled by the finding that in 
synovial fluid from RA patients IL-16 protein levels 
are significantly elevated when compared to OA 
patients. Therefore, it is possible that IL-16 could be 
involved in recruiting CD4 + cells to affected joints 
in RA. 

Finally, we have used real-time RT-PCR to iden- 
tify disease-related genes in psoriasis and to monitor 
the expression of these genes during experimental 
1L-10 therapy. Psoriasis is a chronic inflammatory 
skin condition of unknown origin. Enhanced 
keratinocyte proliferation is thought to be driven by 
cytokines such as TNFa and IFN-y released from 
infiltrating Th-1 celts. Neutrophils are also abundant, 
in affected skin and may be attracted by chemotactic 
factors such as IL-8 that acts via the chemokine 
receptors CXCR1 and 2. By quantitative real-time 
RT-PCR we confirmed the important role of Th-1 
and 1L-8/CXCR2 pathways in psoriasis and were 
able to demonstrate a significant overexpression in 
lesional compared to normal skin. During therapy, 
we found significant reductions in the gene expres- 
sion of the proinflammatory cytokines as well as 
CXCR2, paralleled by a clearing of clinical symp- 
toms. Recently, a study involving IL-11 therapy 
reported similar results (Trepicchio et al., 1999) 
using sequence-specific probes for real-time RT- 
PCR. However, sequence-specific probes are expen- 
sive and have to be individually designed. Here, we 
show that SYBR Green-based real-time RT-PCR, 
which does noi require sequence-specific probes, is a 
valid method for quantifying even low-level cytokine 
gene expression. 

Real-time PCR has been employed to quantify 
minimal residual disease in hematological malignan- 
cies as a measure of therapeutic efficacy (Cassinat et 
al., 2000: Eckert et al., 2000). It may also prove to 
be a reliable tool for the detection of early relapse. 
Monitoring residual circulating malignant cells with 
both quantitative competitive and real-time RT-PCR 
using sequence-specific hybridization probes (Emig 



et al., 1999; Watties et al., 2000) has demonstrated 
the applicability of the new method in this setting. 
The results of our study extend these findings and 
show that real-time RT-PCR is a rapid, reliable and 
valid method for the detection of cytokines and may 
be useful in various clinical applications, such as the 
identification of disease-related genes and phar- 
macogenomic monitoring. Since it is significantly 
less time consuming (30 min versus several hours) 
than the currently preferred method, quantitative 
competitive RT-PCR, it might become the method of 
choice within the near future. 



Acknowledgements 

We highly appreciate the skillful technical assis- 
tance of Ms. Karolin Zachmann and Mr. Thomas 
Juergens. 



References 

Beck, L.A., Stcllato, C, Bcall. L.D., Schall, T.J., Leopold. D., 
Bickel, C.A., Baruody. P., Buchner, B.S., Sdileimer, R.P., 
1996. Detection of the chemokint RANTES and endothelial 
adhesion molecules in nasal polyps. J. Allergy Clin. Immunol. 
98. 766. 

Blaschke, V, Juugermatm, K., Piischel, CP., 1996. Exclusive 
expression of the Gs-linkcd prostaglandin E2 receptor subtype 
4 mRNA in mononuclear Jurkai and KM-.? cells and coexprcs- 
sion of subtype 4 and 2 mRNA in U-937 cells. FEBS Lett. 
394. 39. 

Blaschke, V., Reich, K., Middel, P., Letschert, M., Sachse, F., 
Harwix, S., Neumann. C, 1999. Expression of the CD4+ 
cell-specific chemoattractant inteileukin-16 in mycosis fun- 
goides. J. Invest. Dermatol. 113. 658. 

Cassinat, B., Zassadowski. F.. Balitrand, N.. Barbey. C. Rain, 
J.D., Fenaux, P., Degos, l...Vidaud, M.. Choniienue, C, 2000. 
Quantitation nf minimal residual disease in acute 
promyelocyte leukemia patients with t(15;17) ttanslocution 
using real time RT-PCR. Leukemia 14, 324. 

Eckert. C. Landt, O., Tauhc. T., Sccgcr, K., Bcyermann, B., 
Proba. J.. Ilenze, C. 2000. Potential of LighlCycler technolo- 
gy for quantification of minimal residual disease in childhood 
acute lymphoblastic leukemia. Leukemia 14, 316. 

Emig. M„ Saussele, S.. Wittor, H.. Weisser. A., Reiter. A., Wilier. 
A.. Berger, U., Hehlnuutn, R., Cross, N.C., Hochhaus. A.. 
1999. Accurate and rapid analysis of residual disease in 
patients with CML using specific fluorescent hybridization 
probes for real time quantitative RT-PCR. leukemia 13, 1825. 

Franz. J.K., Kolb, S.A.. Hummel, K.M.. Lahrtz. F.. Neidhart. M., 



PAGE 12/21 * RCVD AT 5/11/2007 6:18:21 PM [Pacific Standard Time] ' SVR:SVCS01/1 * DNIS:6034 * CSID:(613) 998-32S7 ' DURATION (mm-ss):18-56 



From (613) 998-3257 

iff 

P 

5:1 1 

M. 

II 



Order # 06859270DP05739200 Fri 11 May 2007 09:18:01 PM EDT 



Page 13 of 13 



I 



1 



if. 

IP 

ip 

t:;j 



lit 

-4- , 
: " 

-r- 



90 



V: Blaschke d al. I Journal of Imnwnolosical Methods 246 (2000) 79-90 



Aicher, W.K., Pap, T, Gay, R.E., Fomana, A.. Gay. S., 1998. 
lnterleukin-1 fi, produced hy synovia! fibroblasts, mediates 
chemoattraction for CD4" T lymphocytes in rheumatoid 
aithritis. Eur. J. Immunol. 28. 2661. 
Gilliland, G., Pcrrin. S., Blanchard, K.. Burin, H.F.. 1990. Analy- 
sis uf cytokine mRNA and DNA: detection and quantitation by 
competitive polymerase chain reaction. Proc. Natl. Acad. Sci. 
USA 87. 2725. 

Heid, C.A.. Stevens, J., Livak. KJ.. Williams, P.M., 1996. Real 
time quantitative PCR. Genome Res. 6, 9X6. 

Higuchi, R.. Dollingcr, G., Walsh, P.S., Griffith. R„ 1992. Simulta- 
neous amplification and detection of specific DNA sequences. 
Biotecluiology (NY) 10, 413. 

Kalinski, P., Schuitemaker, J.H., Hilkens. CM., Wierenga, E.A.. 
Kapsenberg, M.L.. 1999. Final maturation of dendritic cells is 
associated with impaired responsiveness to IFN-gamma and to 
bacterial IL-12 inducers: decreased ability of mature dendritic 
cells to produce IL-12 during the interaction with Th cells. J. 
Immunol. 162, 3231. 

Neumann, C, Gutgcscll, C, Fliegert, F.. Bnniter, R., Herrmann. 
F., 1 996. Comparative analysis of the frequency of huuse dust 
mite specific and nonspecific Thl and Tb2 cells in skin lesions 
and peripheral Wood of patients with atopic deTmatitis. J. Mol. 
Med. 74, 401. 

Palucka, K.A., Taquet, N., Sanchez-CliapiiLs, F., Gluckman, I.C., 
1998. Dendritic cells as the terminal stage of monocyte 
differentiation. J. Immunol. IfiO, 4587. 

Parada, N.A., Center. D.M.. Kornfeld, H., Rodriguez. W.L., Cook, 
J„ Vallcn. M.. Cniikshank. W.W., 1998. Synergistic aciivaliiin 
of CD4+ T cells by. 1L-I6 and 1L-2. J. Immunol. 160. 2115. 

Platzer, C. Rlchter. G., Uberla, K., Mailer, W., Blocker, H., 
Diamuntslrin, T., Blankenstein, T.. 1992. Analysis of cytokine 
mRNA levels in inlerlenkin-4-transgcnic mice by quantitative 
polymerase chain reaction. Eur. J. Immunol. 22. 1179. 

Reich. K., Bruck, M., Grafc, A., Vcntc, C, Neumann, C, Garhe. 
C, 1998. Treatment of psoriasis with interlcukin-10. J. Invest. 
Dermatol. Ill, 1235. 



Reich, K., Wcstphal, G., Schulz, T., Mullet, M., Zipprich.' S., 
Fuchs. T., Hallier, E.. Neumann, C. 1999. Combined analysis 
of polymorphisms of the tumor necrosis factor-alpha and 
inlerleukin-lO promoter regions and polymorphic xenobiotic. 
metabolizing enzymes in psoriasis. J. Invest. Dermatol. 113, 
214. 

Romani, N., Reider. D., Heuer, M.. Ehner, S.. Kampgen, E., Eibl, 
B., Niederwiescr, D., Schuler, G., 1996. Generation of mature 
dendritic cells from human blood. An improved method with 
special regard to clinical applicability. J. Immunol. Methods 
196. 137. 

Sager, N.. Feldmann. A.. Sclulling, G., Kreitsch, P., Neumann, C, 
1992. House dust mite-specific T cells in the skin of subjects 
with atopic dermatitis: frequency and lymphokine profile in 
the allergen patch test. J. Allergy Clin. Immunol. 89, 801. 

Schlaak, J.P., Buslau, M., Juchum, W„ Hermann, E.. Giradt. M., 
Gallafi, H., Meyer zum Biischenfelde, K.H.. Fleischer. B., 
1994. T cells involved in psoriasis vulgaris belong to the Till 
subset. S. Invest. Dermatol. 102, 145. 

Siegling, A., Lehniaun, M., Platzer, C. Emmrich. F., Volk. H.D.. 
1994. A novel multispecinc competitor fragment fur quantita- 
tive PCR analysis of cytokine gene expression in rats. J. 
Immunol. Methods 177, 23. 

Trcpicchio, W.L., Ozawa. M., Walters, I.B., Kikuchi. T., Gii- 
leaudeau. P., Bliss. JJL. Schwertschlag, U., Dorner, A.J., 
Knieger, J.G.. 1999. Imerleukin-1 1 therapy selectively dow- 
megulates type 1 cytokine proinflammatory pathways in 
psoriasis lesions. J. Clin. Invest. 104. 1527. 

Uyemura. K„ Yamaimtra, M., Fivcnson, D.F., Modfin, R.I,., 
Nickoloff, B.J., 1993. The cytokine network in lesional and 
lesion-frcc psoriatic skin is characterized by a T-helper type I 
cell-mediated response. I. Invest. Dermatol. 101, 701. 

Wiiltjes, M.P.. Krauter. J.. Nagel, S., Heidcnrcich, O., Ganser, A.. 
Hcil, G., 2000. Comparistin of nested competitive RT-PCR 
and real time RT-PCR for the detection and quantification of 
AML1/MTG8 fusion transcripts in t(8;21) positive acute 
myelogenous leukemia. Leukemia 14, 329. 



I V !. 



§4<< 



>ACE 13/21 " RCVD AT 5/11/2007 6:18:21 PM [Pacific Standard Time] * SVR:SVCS01/1 * DNIS:6034 * CSID:(613) 998-3257 ' DURATION <mm-ss):18-56' 



From (613) 998-3280 Order # 06859272DP05743188 Tue 15 May 2007 02:52:06 PM EDT Page 2 of 12 



Aptptuii 1997; 2: 518-528 

Butyrate-induced reversal of 
dexamethasone resistance in autonomous 
rat Nb2 lymphoma cells 

A. R. Buckley, J. S. Krumenacker, D. J. Buckley, M. A. Leff, 
N. S. Magnuson, J. C. Reed, T. Miyashita, G. da Jong and 
P. W. Gout 

Department of Pharmacology and Toxicology, University of North Dakota 
School of Medicine and Health Sciences, Grand Forks, ND, USA (A. R. Buckley, 
J. S. Krumenacker, D. J. Buckley, M, A. Leff); Department of Microbiology and 
Immunology, Washington State University, Pullman WA, USA (N. S. Magnuson); 
The Burnham Institute, La Jolla, CA, USA (J. C. Reed, T. Miyashita): Departments of 
Medical Oncology (G. de Jong) and Cancer Endocrinology (P. W. Gout), British 
Columbia Cancer Agency, Vancouver, BC 



The parental rat Nb2 lymphoma Is a prolactin (PRL)- 
dependent T cell line. Exposure of a PRL-independent 
subline, Nb2-SFJCD1, to sodium butyrate (NaBT) 
causes transient reversal of their growth factor-Inde- 
pendent proliferation in association with constitutive 
expression of protooncogenes plm-1 and c-myc. In the 
present study, we Investigated the effect of NaBT treat- 
ment on the sensitivity of Nb2-SFJCD1 cells to 
dexamethasone (DEX)-induced apoptosis. Pretreat- 
ment with NaBT (2 mM, 72 h) partially reversed resis- 
tance to apoptosis in Nb2-SFJCD1 cells exposed to 
OEX (100 nM) for 12 h, assessed by flow cytometric 
analyses of ONA fragmentation. However, tho cytolytic 
effect of DEX was abrogated by PRL in a time- and 
concentration-dependent manner. Evaluation of 
apoptosis-associated gene expression in NaBT-pre- 
treated cultures incubated with DEX or DEX+PRL 
indicated that the apoptosis resistance did not stem 
from altered bcl-2 or bax expression. However, there 
was a strong correlation between the resistance to 
DEX-activated apoptosis and their enhanced expres- 
sion of plm-1 mRNA and protein. The results show that 
It is possible to reverse DEX-induced apoptosis of Nb2 
pre-T celts and suggest the pim-f gene product has 
an important role as a suppressor of this process, 
perhaps functioning as a mediator of PRL action. 
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Introduction 

A primary challenge in the clinical treatment of 
cancer is presented by development in the 
neoplasms of progressively malignant changes. This 
tumour (or malignant) progression is manifested 
by, for example, an increased capacity of the cancers 
to invade adjacent tissues, metastasize to distant 
organs and resist drug therapy. New insight into 
methods to reverse drug resistance, hormonal or 
growth factor autonomy, and other phenotypic 
changes associated with malignant progression of 
cancers, may lead to novel therapeutic approaches 
of the disease. 

A system of culcured rat cell lines, consisting of 
parent and subline 'Nb2 lymphoma' cells, has 
previously been developed as a paradigm for inves- 
tigating the mechanisms underlying malignant 
progression of T cell cancers.'"' Comparative analy- 
sis of the genetically related cell lines can be used 
to identify cellular and molecular changes that 
undetlie development of growth factor inde- 
pendence,''*"'' metastatic ability' and resistance to 
dexamethasone (DEX)-induced apoptosis.*' 10 

The original Nb2 lymphoma cell line, established 

© 1997 RepiJ ScitMt Pnbliibsri 
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in culrure from a malignant lymphoma which 
developed in che chymus/lymph of an oestrogen- 
treated Noble (Nb) rac," has been found to 
morphologically and biochemically resemble T 
lymphocytes at an intermediate stage of develop- 
ment. 12 Early snidie.s revealed that the cultured cells 
critically require the anterior pituitary hormone, 
prolactin (PRL) ot other lactogens, for maintenance 
of growth and viability." Lactogen deprivation of 
the Nb2 cells for 18-24 h results in their accumu- 
lation in the early Gi phase of cell cycle. The sole 
addition of PRL to such quiescent ceils leads to 
partially synchronous re-enrry into the cell cycle. 11 
Consequently, the laccogen-dependent Nb2 cell 
line has provided a valuable tool for investigation 
of molecular mechanisms coupled to PRL-induced 
micogenesis. 14 

Autonomous Nb2 sublines have been developed 
by prolonged culruring of the PRL-dependent.cells 
in lactogen-deficient medium and subsequent clon- 
ing of surviving cells. 1 One such subline, designated 
Nb2-SFJCD1, is completely growth factor-inde- 
pendent. Importantly, the oncogenic behaviour of 
this subline is different from that of the parental 
Nb2-U17 line. Subcutaneous Nb2-SFJCD1 tumours 
in Nb rats rapidly disseminate to give rise to 
metastases in e.g., kidney and liver, in contrast co 
PRL-dependent Nb2-U17 tumours which are re- 
stricted to the injection site, even when fat advanced.' 
Karyotypic analysis has demonstrated that the Nb2- 
SFJCDI subline has the same chromosomal 
alterations as those identified in the parental line, 
plus several additional changes, indicating that ic 
arose from the latter via clonal evolution.' 

Another important distinction between Nb2- 
SFJCD1 and PRL-dependent Nb2 cells is their 
differenrial sensitivity co drug (glucocorticoid)- 
activated apoptosis. Exposure of PRL-dependent 
Nb2 cells to DEX, in the absence of PRL, activates 
cellular suicide mechanisms characterised by frag- 
mentation of genomic DNA, a process which can 
be inhibited by addition of PRL." In contrast, Nb2- 
SFJCD1 cells resist DEX-activated apoptosis, even 
in the presence of suprapharmacological concentra- 
tions of the steroid. 10 It is notable that Nb2-SFJCD1 
cells constimtively express elevated levels of fiim-V 
and bcl-2, 1 two protooncogenes linked to suppres- 
sion of apoptosis.""'" This raises che possibility that 
che resiscance uf this subline to DEX-activated 
apoptosis stems from their constitutive expression 



RrwrW t.f -jpoptmis rtsimna 

of rhese protooncogenes. 

In previous studies, we demonstrated that treat- 
ment of Nb2-SFJCD1 cells with sodium butyratc 
(NaBT), a four carbon fatty acid acting as a differ- 
entiating agent, can transiently reverse their growth 
factor (PRL) independence. During a 72 h incuba- 
tion with NaBT (2-3 mM) the cells became arrested 
in the Gi phase of the cell cycle and, following 
removal of the fatty acid, transiently required PRL 
for proliferation. 1 Moreover, che levels of the pro- 
tooncogenes, c-myc and pirn- 1 , were significantly 
reduced as a reside of the NaBT treatment and 
required PRL for activation, as observed in PRL- 
dependent Nb2 cells. 8 In the present study, we show 
that pretrearment of Nb2-SFJCD1 cells with NaBT 
can reverse, at lease in part, rheir resistance to DEX- 
activated apoptosis. The DEX sensitivity resulting 
from the NaBT treatment can be abrogated by 
addition of PRL. In addition, a role is suggesred 
for the prorooncogene, pint- 1 , as a suppressor of 
DEX-iriduced apoptosis and a mediacor of the anti- 
apoptotic effect of PRL. 



Materials and methods 

Materials 

Ovine PRL (NIDDK oPRL-20, AFP10677C) was 
obtained through the NIH Pituitary Hormone and 
Antisera Program (Rockville, MD, USA). A mouse 
(600 b.p. XhnllHindlU probe) bcl-2 complementary 
DNA (cDNA) was generously provided by Dr T. J. 
McDonnell (Houston, TX, USA). The mouse (600 
b.p. EcoRI probe) bax cDNA and the anti-Bax 
antisera used have been previously characterized. 7 
Antiserum co Pim-1 protein was generaced against 
a recombinant glutathione S-transferase-Pim-1 fusion 
protein, as described previously. 5 Anci-Bcl-2 anti- 
serum, which specifically recognizes mouse, rac and 
human Bcl-2, was obtained from Santa Cruz Bio- 
technology, Inc. (Santa Cruz, CA, USA; catalogue 
no. SC-492). Unless otherwise specified, all other 
reagents were of molecular biology grade, obtained 
from Sigma Chemical Co. (St. Louis, MO, USA). 



Nb2 lymphoma cell cultures 

The cloned, autonomous Nb2-SFJCD I subline was 
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utilized. This cell line is completely PRL-inde- 
pendent, as shown by its rapid growth in 
laccogen-deficient, chemically defined culture 
medium, but still growth-responsive ro PRL. 1 ' 8 
Cultures were maintained at 37°C in Fischer's 
medium containing 10% horse serum (Bio Whit- 
taker, Walkersvilie, MD, USA), 2-mercaptoethanol 
(2-ME; 10^ M), penicillin (50 units/ml) and strep- 
tomycin (50 jjg/ml) (maintenance medium) in a 5% 
CO?/air atmosphere, as described previously. 1 Pre- 
rreatment with NaBT was carried out by intubating 
the cells in maintenance medium with 2 mMNaBT 
(Sigma) for 72 h. NaBT was then removed and the 
cells resuspended in maintenance medium contain- 
ing 1 0% nonmitogenic gelding serum (ICN, Irvine, 
CA, USA) as the serum component (assay medium), 
for subsequent experimentation." 



Flow cytometric evaluation of DNA 
fragmentation 

Apoptosis in cells was also assessed using flow 
cytometric analysis of cell nuclei stained with 
propidium iodide (PI; Sigma) to detect DNA frag- 
mentation, as described by Nicoletti et ai.'* Cells 
(1-2 x 10 s ) were fixed in cold (-20 C C) 70% ethanol. 
The cells were washed, resuspended in RNase (1 
mg/ml in PBS; Type 1-A, Sigma), and incubated 
for 60 min at 57 V C. The cells were again washed, 
then resuspended in a hypotonic PI solution (50 
ug/ml in PBS). Flow cytometric analysis was carried 
our using an Elite flow cytometer (Coulter Elec- 
tronics, Ilialeah, FL, USA) with the 488 nm line 
of an enterprise laser (Coherent, Palo Alto, CA, 
USA). Red fluorescence of the Pi-stained cells was 
monitored through a 600 nm dichroic and a 610 
LP filter and collected in a three-decade log histo- 
gram. Forward and side scatter were simultaneously 
measured. Tirne-of-fliglu measurement was used to 
exclude cellular debris and clumps. All samples 
were assessed using the same instrument settings. 
Results were expressed as per cent apoptocic cells 
of the total cell population. 



Northern blotting procedures 

Total RNA was isolated from 2 x 10' Nb2-SFJCD1 
cells cultured in 25-cm J flasks using RNAzol-B 
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(Tel-Test, Friendswood, TX, USA). The RNA was 
quantitated spectrophotometrically. For Northern 
analysis, RNA was denatured in formaldehyde and 
fractionated on 1% agarose gels, then transferred 
to GcneScreen Plus (DuPont, Wilmington, DE, 
USA). Equal loading per lane was verified by 
ethidium bromide staining of 18S and 28S ribo- 
somal RNA, which was visualized and photographed 
under UV illumination. Membranes were hybrid- 
ized with either pim-1 , bcl-2 or bax cDNA probes. 
Isolated inserts were labelled with f^Pjdeoxy-CTP 
(DuPont NEN) using the random primer method 
of Feinberg and Vogelstein. 20 Hybridization and 
wash procedures were conducted using the methods 
of Church and Gilbert. 11 



Immunoprecipitation of 
[ 35 S]-methionine-labelled Pim-1 

Cells were extensively washed free of extracellular 
methionine (MET), using MET-free RPMI 1640 
medium (Gibco BRL, Gairhersberg, MD, USA) 
containing 2% dialyzed gelding serum. Cells (5 x 
10 s cells/ml) were incubated with DEX (100 nM) 
or DEX > PRL (20 ng/ml) for various time periods. 
Two h prior to harvesting, cultures were pulse 
labelled with 100 uCi/ml of {"S]-MET. The cells 
were disrupted in radioimmunoprecipitation assay 
(R1PA) buffer containing 50 mM Tris (pH 8.0), 
250 mM NaCl, 2 mM EDTA, \% NP40, 0.2596 
deoxycholare, 1 mM phenylmethylsulfonyl fluoride 
(PMSF), and 10 ug/ml each of chymosratin, aprot- 
inin and leupeptin. The lysates were ccntrifuged 
for 20 min at 14,000 x g at 4°C. Sodium dodecyl 
sulfate (SDS) was added to the supernarants to a 
final concentration of 0. 1%. The samples were pre- 
cleared by the addition of 6 pi of normal rabbit 
serum (Sigma) and 25 pi of recombinant protein 
G-agarose (Gibco) followed by incubation for 2 h 
at 4°C. After cenrrifugation, supernarant aliquots 
were precipitated with trichloroacetic acid and 
[ 3i S]-MET incorporation was determined by scin- 
tillation counting. Lysates [(1.-1 .5) x 10"cpm] were 
incubated overnight at 4"C in the presence of 6 ul 
of ami-Pim-1 autisera and 25 pi of protein G- 
agarose. The immunoprecipitates were washed 5x 
with RIPA buffer, resuspended in SDS-sample buff- 
er (containing 2-ME), and boiled for 10 min. 
lmmunoprecipitated proteins were resolved by SDS 
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polyacrylamide gel electrophoresis (PAGE) using 
10% gels. The gels were stained, incubated with 
Enhance (DuPont), dried and exposed to x-ray film 
for 1-3 days. 



Immunoblotting of Bcl-2 and Bax proteins 

Cells from experiments (2.5 x 1 0' cells/time point) 
were lysed in a buffer containing 10 mM Tris-HCl 
(pH 7.4). 0.15 M NaCt, 5 mM EDTA, 1% Triton 
X-100, L mM PMSFand 25 ug/mleach ofleupeptin 
and aprotinin, and then centrifuged for 10 min at 
1-1,000 x g. Total protein content of the super- 
natants was determined using the Bradford reagent 
(BioRad, Richmond, CA, USA). Lysates (100 ug 
protein/ lane) were fractionated by SDS-PAGE using 
10% gels and electrophoretically transferred to 
Immunolite membranes (BioRad). Membranes were 
blocked overnight at 4°C in 5% nonfac dried milk 
in Tris-huffered saline. Proteins were visualized by 
first incubating the membranes with anti-Bcl-2 
(1/100) or anti-Bax (1/1,500) followed by chem- 
iluminescence detection using a secondary antibody 
(1/3,000) coupled to alkaline phosphatase and a 
chemiluminescence substrate (BioRad). The mem- 
branes were exposed to x-ray film for 3-15 min. 



lymphoma cells. In the absence of lactogen, DEX 
activated apoptosis which was abrogated by the 
addition of PRL.* In contrast, DEX did not induce 
apoptosis in the PRL-independent Nb2-SFJCD1 
cells in the absence of PRL, although it attenuated 
their replication.'" We have previously shown that 
treatment of Nb2-SFJCD1 cells with NaBT leads 
to growth arrest, transient reversals of their growth 
factor independence and constitutive expression of 
pim-1, a protooncogerie implicated in the regulation 
of apoptosis. 18 

To investigate whether treatment with NaBT 
could also reverse the resistance of Nb2-SFJCDl 
cells to DEX-activated apoptosis, experiments were 
first performed to determine the effects of the ster- 
oid on proliferation of untreated and NaBT-treated 
cells (2 mM NaBT, 72 h). As shown in Figure 1, 
unrrearcd Nb2-SFJCD1 cells grew readily in the 
absence of PRL, but were growth-responsive to the 
hormone (p < 0.001). DEX (100 nM) partially 
inhibited replication of the untreated cells in the 
absence of" PRL (p < 0.001); addition of the 
hormone significantly increased (ji < 0.001 vs. con- 
trol) proliferation albeit to a lesser extent (p <. 
0.001) compared with cultures treated with PRL 
alone. Following NaBT treatment the cells did not 
increase in number unless PRL had been added ip 
< 0.001). DEX treatment significantly reduced the 



Data analysis 

Dam are presented from experiments repeated three 
times unless otherwise noted. Fot Northetn blot- 
ting procedutcs, equal RNA loading per lane was 
always verified by densirometric analysis of 
erhidium bromide-stained 18S and 28S ribosomal 
RNA. Where applicable, data are presented as the 
mean t. SE. Statistically significant differences 
among treatment groups were evaluated by 
ANOVA followed by the student Newman Kucl's 
post-test for multiple comparisons. 



Results 

NaBT-lnduced reversal of resistance to 
DEX-activated apoptosis 

Witotsch U a!, have reported that DEX substan- 
tially inhibited PRL-dependent mitogenesis of Nb2 



Figure 1 . Effect of NaBT-pretreatment on the growth response bt 
Nt>2-SFJCD1 cell cultures to PRL and/or OEX.Nb2-SFJCD1 cells 
wera incubated for 72 h with NaBT (2 mM. open bars) or without 
the fatty acid (control, cross-hatched bars), washed to remove 
NaBT and incubated with PRL (20 ng/ml), DEX (100 nM). or 
DEX+PRL. Initial cell concentrations: 1.5 « 10 s cells/ml. At 48 h, 
cell counts were performed using an electronic cell counter. Data 
are presented as the means of triplicate values and represent 
results from (our experiments. Standard error bars, when not 
visible, are obscured by symbols. *: p < 0.001 vs. PRL+DEX; ": 
p < 0.01 vs. control; '**: p< 0.001 vs. control. 
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number of NaBT-treated cells (p < 0.001), indicat- 
ing that DEX-induced cytolysis had taken place. 
Addition of PRL (20 ng/ml) to the DEX-concain- 
ing, NaBT-treated cultures increased cell numbers 
to a level neatly equivalent to that observed in 
NaBT-treated cultures containing only PRL (p < 
0.001). These results confirm our previous obser- 
vations that NaBT can induce PRL dependency in 
autonomous Nb2-SFJCD1 cells' * and suggest that 
the fatty acid-pretreaced cultures were sensitive to 
DEX-iniiiated cytolysis which could be abrogated 
by PRL. 

The cytolytic action of DEX in NaBT-pretreated 
Nb2-SFJCD1 cells was furrher examined for 
evidence of apoptosis by flow cytometric analysis. 
Cultures were incubated for 72 h with 2 mM NaBT, 
washed to remove the fatty acid and then further 
incubated with DEX (100 nM) for 12 h. Control 
cultures were treated identically but without NaBT. 
As shown in Figure 2, DEX (100 nM) was ineffec- 
tive at inducing apoptosis in control Nb2-SFJCD1 
cultures. However, pretreating the cultures with 2 
mM NaBT for 72 h rendered the ceils sensitive to 



DEX; the glucocorticoid markedly increased the 
percentage of apoptotic cells. Notably, pretreatment 
with NaBT significantly increased the proportion 
of control cells undergoing apoptosis in the absence 
of DEX by nearly fivefold (p < 0.05). These results 
indicate that pretreatment of Nb2-SFJCD1 cells 
with NaBT can reverse the resistance of this subline 
to apoptotic action of glucocorticoids. 

The anti-apoptotic effect of PRL was also evalu- 
ated. As shown in Figure 3, PRL reduced the levels 
of DEX -activated apoptosis in NaBT-pretreated 
Nb2-SFJCD1 cells in a concentration-dependent 
manner. This protective effect of the hormone is 
very similar to its concentration-dependent, mito- 
genic stimulation of PRL-dependent Nb2 cells" 
and NaBT-pretreated Nb2-SFJCD1 cells." 

It was also established how long the addition of 
PRL to DEX-treated cultures could be delayed 
without loss of its protective effect. NaBT-pre- 
treated Nb2-SFJCD1 cells were incubated with 
DEX (100 nM) for a 1 2 h period for subsequent 
DNA fragmentation analysis; PRL (10 ng/ml) was 
added at 3, 6 or 9 h following addition of the steroid. 



Figure 2. DEX-induced apoptosis in NaBT-pretreated Nb2- 
SFJCD1 cultures as a function of DEX concentration. 
NaBT-pretreated (2 mM, 72 h) and untreated cells were incubated 
for 12 h with DEX at the Indicated concentrations for subsequent 
flow cytometric analysis of DNA fragmentation in Pl-stained cell 
nuclei, as described in Materials and methods. Data are presented 
as the means ± SEM of samples assessed in duplicate, and 
represent results from four experiments, a: p < 0.05 vs. untreated, 
control Nb2-SFJCD1 cells; b p < 0.01 vs. NaBT-pretreated, control 
ND2-SFJCD1 cells. 
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Figure 3. Anti-apoptotic effect of PRL as a function of Its concen- 
tration. NaBT-pretreated (2 mM. 72 h) Nb2-SFJC01 cells were 
incubated for 12 h with DEX (100 nM) plus PRL at the indicated 
concentrations. The percentage apoptotic cells in the cultures was 
determined using flow cytometric analysis of Pl-stained cell nuclei . 
as described in Materials and methods. Data are presented as 
the means ± SEM of samples assessed In duplicate and represent 
results from four experiments, a: p < 0.01 vs. CTL; b: p < 0.01 vs. 
10 ng/ml PRL. 
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Figure 4. Anti-apoptotic effect of PRL added at various times after 
DEX admlnist/ation. NaBT-pretreated (2 mM, 72h) NM-SFJCD1 
cells were incubated with DEX (100 nM) added at 0 h. PRL was 
added to cultures after 3, 6 or 9 h. The percentage of apoptotic 
cells in the cultures was evaluated by flow cytometry of Pl-stained 
oell nuclei, as described in Materials and methods. Data are 
presented as means ± SEM of samples evaluated in duplicate 
and represent results from four experiments, a: p < 0.01 va. DEX 
only (12 h). 
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As shown in Figure 4, addition of PRL during the 
first 6 h of DEX exposure significantly (j> < 0.01) 
inhibited glucocorricoid-activated apoptosis. How- 
ever, addition ? h after DEX. did not completely 
protect the cells. Thus PRL-fesponsive mecha- 
nisms, which suppress the actions of DEX, most 
likely require activation within 6 h of glucocorti- 
coid exposure. 

Effect of DEX and DEX plus PRL on the 
expression of Pim-1, Bcl-2 and Bax in 
NaBT-pretreated Nb2-SFJCD1 cells 

We have previously demonstrated that expression 
of pirn- 1 is dependent upon PRL stimulation in 
hormone-dependent Nb2 cells. 5 In Nb2-SFJCDl 
cells, its expression is constitutive, but enhanced 
by PRL.' More recently, we showed that pirn-] 
expression in Nb2-SFJCD1 cells was significantly 
reduced by pretreatmeot with NaBT and reverted 



Reversal of ajwfitviii rtihtattct 

Figure 5. Time course of pim-1 gene expression in NaBT-pre- 
treated Nb2-SFXD1 cells following addition of OEX or DEX+PRL. 
(A) NaBT-pretreated (2 mM for 72 h) ceils (2*10' cells/lime point) 
were incubated with DEX (100 nM) plus PRL (20 ng/ml). Al the 
time points indicated, total RNA was isolated for evaluation of 
pim-1 expression by Northern blotting as described in Materials 
and methods. (B) Equal loading of total RNA was verified by 
ethidium bromide staining of the gels. (C) Comparison of DEX 
and DEX+PRL-treated cultures by densitometric evaluation of 
autoradiographs from an experiment conducted four times. Data 
are presented as means ± SEM (when not visible, bars are 
obscured by the symbols), a: p < 0.01 vs. control (time 0); b: p < 
0.01 vs. DEX. 
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to a state of PRL-depcndency for its enhanced 
expression. 8 Since pim-1 is a protooncogene linked 
to suppression of apoptosis, 1 " we investigated the 
effect of adding DEX and DEX+PRL on the level 
of the pim-1 rranscript in NaBT-pretreated Nb2- 
SFJCD1 cultures. As shown in Figure 5C, DEX did 
not alter steady state pirn- 7 mRNA levels. However, 
addition of PRL to DEX-containing cultures 
resulted in substantial, time-dependent changes. 
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Figure 6. Time courses of bd-2 and bax gene expressions in 
NaBT-pretreated Nb2-SFJCD1 cells following addition of DEX of 
DEX+PRL. NaBT-pretreated (2 mM, 72 h) cells (2 x 10 7 cells/time 
point) were incubated with DEX (100 nM) or DEX+PRL (20 ng/ml). 
At the time points indicated total RNA was isolated from cells 
treated with DEX+PRL for evaluation of bd-2 (A) and bax (B) 
mRNAs by Northern blotting as described in Materials and Meth- 
ods. (C and D) Comparison of DEX and DEX+PRL-slimulated 
cultures by densltometric evaluation of bcl-2 (7.3 Kb) and bax 
mRNA bands, respectively, In autoradiographs from experiments 
repeated more than four times, a: p < 0.01 vs. control (time 0); b: 
p < 0.01 vs. DEX. 
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Figure 7. Levels of Pim-1 and Bcl-2 protein in NaBT-pretreated 
Nb2-SFJCD1 cells following incubation with DEX or DEX+PRL. 
NaBT-pretreated (2 mM for 72 h) Nb2-5FJCD1 cells (2.5 * 10' 
cells/time point) were incubated with DEX+PRL or DEX only. (A) 
At the times indicated (h) cells were harvested for analysis of 
Pim-1 using immunoprea'pitation of pS]-MET-labelled Pim-1, as 
described in Materials and methods. (B and C) For evaluation of 
Bcl-2, immunabtot analysis of total cell tysates (100 pg,1ane) was 
conducted, using a monoclonal anti-Bcl-2 antibody. The data pre- 
sented are representative of results from four oxporimonts. 
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Within 2-3 h, the levels of pim-1 mRNA increased 
to maximal levels, after which chey declined to 
control levels by 6 h, to again increase at 12 h 
(Figure 5 A and C). Thus, addition of PRL to DEX- 
containing, NaBT-pretreated Nb2-SFJCD1 
cultures leads to a rapid and biphasic increase in 
the pim-1 transcript, similar to that found following 
hormone stimulation in quiescent, lactogen-de- 
pendent Nb2 cells.'' 

The protooncogene bcl-2 encodes a 26 kDa, mem- 
brane-associated protein which is well-characterized 
as a suppressor of apoptosis in hematopoietic and 
other systems. 15 "" Similar to pim-1, expression of 
bd-2 is rapidly induced by PRL in lactogen-depend- 
ent Nb2 cells and enhanced in Nb2-SFJCD1 cells.' 
The effects of DEX and DEX + PRL on expression 
of 9 4, 7.3 and 4.2 kb bd-2 transcripts in NaBT- 
pretreated Nb2-SFJCD1 cells are shown in Figures 
6A and C. Addition of DEX significantly reduced 
the level of the 7.3 kb transcript wirhin 2—4 h 
(Figure 6C). In contrast, DEX+PRL slightly aug- 
mented and sustained the level of bd-2 mRNA 
through 4 h. The results show that addition of PRL 
to the DEX-i reared cells inhibited the decrease in 
the bd-2 transcripts resulring in a level of expression 
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that was more than threefold greater than chat 
detected in DEX-treated cultures. 

The effects of DEX and DEX+PRL on the 
expression of bax, a M-2 homolog believed to 
facilitate apoptosis," were also assessed in 
NaBT-pretreated Nb2-SFJCD1 cultures. Addition 
of PRL+DEX, in comparison to DEX only, led to 
a minor, significant increase in bax mRNA levels 
at 8 h (Figure 6B and D). Thus, while the anti- 
apoptotic effect of PRL appears to involve a change 
in the transcript levels of the bcl-2 gene (Figure 6A 
and C), it apparently does not depend on a major 
contribution by its homolog, bax. 

Levels of Pim-I, Bcl-2 and Bax proteins were 
assessed to determine whether the observed altera- 
tions in the gene transcripts were coupled to parallel 
changes in protein expression. For determination of 
the Pim-1 protein, NaBT-pretreated, f >S]-MET- 
labelled Nb2-SFJCD1 cells were incubated with 
DEX (PRL followed by immunoprecipitation of 
["S]-Pim-1. As shown in figure 7 A, addition of 
PRL to che DEX-trcated cultures transiently 
increased che level of [''S.l-Pim-l . Expression of the 
protein increased within 1 h, reached maximal 
levels by 2—3 h, then declined to undetectable 
levels. This pattern of ["Sl-Pim-I protein expres- 
sion is essentially identical to that determined for 
its mRNA expression (Figure 5). As demonstrated 
in Figures 7B and C, Bcl-2 protein expression at 
any of the time points evaluated was not. signifi- 
cantly altered by creatment with either DEX or 
DEX+PRL, respectively. Similarly, PRL did not 
enhance the levels in che cultures of Bax protein 
(data not shown). Taken together, the results indi- 
cate that PRL-induccd enhancement of pim-'l 
mRNA levels in the DEX-treated cultures (Figure 
5) was coupled to a similar augmentation of its 
protein. However, che changes observed in the levels 
of M-2 mRNA (Figure 6) were not reflected in its 
protein level. 



Discussion 

The original, PRL-dependent rat Nb2 lymphoma 
line and its hormone-dependent and autonomous 
sublines represent a novel model for studying 
mechanisms that underlie malignant progression of 
cancers ofT cell origin.* Differential analysis of che 
genetically related, but phenotypically distinct, cell 



Reversal of apoptosis mislance 

lines can be used co idencify chromosomal and 
molecular alterations that underlie malignant pro- 
gression, including development of resistance to 
glucocorticoid-activated apoptosis. 10 The latter is 
expressed in the autonomous Nb2-SFJCD1 subline 
which, in conrrast to PRL -dependent Nb2 cells 5 ' or 
normal thymocytes, 2 '' is resistant to DEX-activaced 
apoptosis.' 0 

The previous finding' that PRL independence of 
the Nb2-SFJCD1 line could be tevcrsed to 
hormone-dependency by rreatment wich NaBT has 
allowed a comparison of non-treated cells with 
NaBT-treated cultures of che same cell line, aimed 
at identifying changes in gene expression associated 
with the development of growth factor inde- 
pendence in Nb2 cells. 8 In the present study it was 
found chat a 72 h treatment of Nb2-SFJCD1 cells 
with 2 mM NaBT also led to partial reversal of 
their resistance to DF.X-accivated apoptosis. Thus, 
DEX treatment of NaBT-pretreated Nb2-SFJCD1 
cells led to DNA ftagmentation which was 
abrogated by PRL in a time- and concentration- 
dependent manner (Figures 1-4). 

It is notable that PRL deprivation of both 
hormone-dependent and NaBT-pretreated, autono- 
mous Nb2 cells arrests growth in the Gi phase of 
cell cycle. In this setting, DEX activated apoptosis 
and the addition of PRL abrogated the cytolytic 
response initiated by che steroid. Thus, it appears 
that staging of cells in the Gi phase may be an 
importanc prerequisite for sensirivicy ro DEX-acti- 
vaced apoptosis and subsequent mitogen rescue in 
Nb2 cells. This is consistent with observations 
made in other DEX-sensicive hematopoietic cell 
lines in which this stetoid is thought to activate 
apoptosis via a mechansim that involves at least 
two-steps (reviewed in In cultured murine,' 6 
rat" and human 2 * T cell lines, DEX also exerted an 
antiproliferative affect, characterized by accumula- 
tion of cells in the Gi phase of cell cycle, as well as 
induced apoptosis. Moreover, stimulation with 
cytokines" or activation of the T cell receptor' 6 '" 
inhibited the apoptotic response provoked by the 
glucocorticoid. These observations led us to inves- 
tigate whether expression'of apoptosis-ftgulatury 
genes is altered by DEX ot DEX t PRL in NaBT- 
treated Nb2-SFJCD1 cells. 

Previous studies have shown that lactogen- 
starved Nb2 cells have very low expression of bd-2 
and pim-l which, however, is rapidly augmented by 
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PRL at mitogenic concentrations. In contrast, both 
genes are constitutively expressed at elevated levels 
in autonomous Nb2-SFJCD1 cells 5 " which are 
DEX-resistant. 13 Whereas NaBT pretreatment of 
Nb2-SPJCD1 cells leads to a partial reversal of 
resistance to DEX-activated apoptosis, as shown in 
this study (Figures 2 and 3), the NaBT treatment 
does not appreciably affect their level of bcl-2 ex- 
pression (Buckley a at., unpublished observations). 
This suggests thar constitutive bcl-2 expression in 
uncreated Nb2-SPjCDl cells 7 is probably nor 
responsible for their resistance to DEX-activated 
cell death,'" and is consistent with the lack of effect 
of DEX+PRL on Bcl-2 protein levels in NaBT- 
treated Nb2-SFJCD1 cultures (Figure 7). In 
conrrasr, NaBT rreacmenr significantly reduced rhe 
constitutive expression of pirn- 1 in Nb2-SFJCDI 
cells and transiently reverted it to PRL dependency 
for enhanced expression." In rhe presenc srudy, it 
was found that addition of PRL to NaBT-pretreated 
Nb2-SFJCD1 cultures not only reversed resistance 
to DEX-activated apoptosis (Figures 1, 3 and 4), 
but also increased levels of chc pim-l transcript 
(Figure 5) and protein (Figure 7). Together, these 
observations, show thar there is a strong correlation 
between the resistance to glucocorticoid actions in 
Nb2 cells and theirenhanced expression ofthe/w/-/ 
gene. The results, although correlative, indicate a 
central role for pim-l as a suppressor of apopcosis 
in the Nb2 pre-T cell lines and as a mediator of the 
anti -glucocorticoid action of PRL. Support for this 
suggestion comes from studies which report thai 
overexpression of pim-l in thymocytes, obtained 
from Eu-Pim-l transgenic Iprllpr mice, confers 
resistance to DEX-induced apoptosis. 19 

The mechanism that affords resistance co DEX- 
activated apoptosis in Nb2-SFJCD1 cells is 
presently unclear. Karyotypic analysis has revealed 
that this subline arose by clonal evolution from the 
parental tine, as indicated by several additional 
alterations in chromosomal structure. 3 For example, 
the Nb2-SFJCDl cells contain an inversion in one 
of its chromosomes 1, i.e., inv(lXq31q4l), which 
is adjacent to the locus reported for the c-H-raj 
gene.''* Alterations in H-iai expression have been 
reported to enhance tumour invasiveness in mouse 
lymphomas-' 0 and may participate in advanced 
tumour progression." In this context, it is notable 
that p21"*and its down-scream regulator, micogen- 
accivated procein kinase (MAPK) are each 
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constitutively active in Nb2-SFJCDl culcures." 
Since PRL-stirnulation in hormone-dependent Nb2 
cell cultures appears to require activation of this 
signalling pathway"-" in conjunction with rhe 
JAK2-STAT cascade,"" this observation suggests 
thac enhanced Ras and MAPK may collaborate ro 
confer apoptosis resistance to Nb2-SFJCD1 cells by 
upregulating expression of genes which suppress 
apoptosis. Consisrent with this hypothesis is our 
recent observation that protooncogenes, pim-l and 
c-myc, which have been linked to regularion of 
proliferation as well as to apoptosis, are each over- 
expressed in the Nb2 SFJCDl subline compared to 
PRL-dependent Nb2 cells. 8 

Butyrate is a four carbon fatty acid produced in 
the body by bacterial fermentation of dietary fibre. 
At concentrations present within the intestinal 
lumen, it inhibits proliferation and induces differ- 
entiation in epithelial cells present within the 
colon." 5 "'* In addition, prolonged exposure to NaBT 
activates apoptosis in colonic adenoma and carci- 
noma, and in human breast cancer cells,*'' as well 
as in the human promyelocyte- cell line, HL-60. 1 ' 1 
However, despite considerable investigation, a clear 
delineation of the molecular basis for the cellular 
effects of butyrate has remained elusive. It is clear 
that butyrate inhibits histone deacetylase which 
leads to hyperacetylation of histones resulting in 
altered chromatin structure.'""'" However, it is 
unlikely that the selective actions on gene transcrip- 
tion provoked by NaBT can be attributed to rhe 
nonspecific changes chat would occur in chromatin 
as a result of NaBT-induced inhibition of histone 
deacetylase. Other proposed mechanisms for the 
actions of NaBT include alterations in transcription 
factor activation/ 1 * -1 ' post-transcriptional mRNA 
processing," f}-oxidation,'" i cRNA modification 4 ' as 
well as phospholipid' 0 and purine metabolism." 
Most recently, NaBT has been reported to rapidly 
induce tyrosyl phosphorylation of a number of 
cellular proteins, most notably, MAPK, in human 
K562 erythroleukemia cells." In that scudy, 
increased tyrosyl phosphorylation and enzymatic 
activity of MAPK was demonstrated within 
minutes afcer addition uf NaBT to the cultures. 
Therefore, it is possible that in Nb2-SFJCD1 cells, 
NaBT may further enhance MAPK activity which 
may, as a consequence, down-regulate pim-l tran- 
scription through phosphorylation of transacting 
faccors. Whether MAPK or other signalling path- 
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ways underlie the observed alterations in pirn- 1 tran- 
scription and whether this protooncogene mediates 
an apoprotic response in Nb2 cells warrants further 
investigation. 
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Abstract 

Previously, we observed specific alterations of neuropeptide Y (NPY) and Y1 receptor mRNA expression in discrete 
regions of the Flinders Sensitive Line rats (FSL), an animal model of depression. In order to clarify the correlation 
between mRNA expression and protein content, radioimmunoassay and receptor autoradiography were currently 
performed. In the FSL rats, NPY-like immunoreactivity (NPY-LI) was decreased in the hippocampal CA region, while 
Y1 binding sites were increased; NPY-LI was increased in the arcuate nucleus. Fluoxetine treatment elevated NPY-LI in 
the arcuate and anterior cingulate cortex and increased Y1 binding sites in the medial amygdala and occipital cortex in 
both strains. No differences were found regarding the Y2 binding sites. The results demonstrate a good correlation 
between NPY peptide and mRNA expression, and sustain the possible involvement of NPY and Yl receptors in depres- 
sion. © 1999 Elsevier Science Ireland Ltd. All rights reserved. 

Keywords: Neuropeptide Y; NPY receptors; Depression; Flinders sensitive line rats; Fluoxetine; Hippocampus 



Dysfunction of the neuropeptide Y (NPY) system has 
been hypothesized in the pathophysiology of depression. 
Despite some discrepant findings, a number of clinical 
investigations have demonstrated a decrease of NPY-like 
immunoreactivity (NPY-LI) in (he cerebrospinal fluid of 
depressed subjects and in the post-mortem frontal cortex 
of suicide victims [4,17,18]. A potential link between 
NPY and depression emerged also from experimental 
animal studies which demonstrated that chronic exposure 
to antidepressant drugs and repeated electroconvulsive 
stimuli increases NPY-LI in the neocortex and hippocampus 
[7,14,1 5]. In our previous report [1 j, wc found an alteration 
of the NPY and the Yl, but not the Y2, receptor mRNA 
expression in specific brain regions of the Flinders Sensitive 
Line (FSL) rats in comparison with the control Flinders 
Resistant Line (I"RL) rats. These findings supported the 
possible involvement of NPY and the Yl receptor subtype 
in depressive disorders. The FSL rats are considered a 
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genetic animal model of depression which presents beha- 
viors similar to that seen in depressed patients: alterations in 
REM sleep, reduced body weight and increased immobility 
in the forced swim test [12], In order to clarify the correla- 
tion between alterations in mRNA expression and protein 
content in these animals, we analyzed NPY-LI, and Yl and 
Y2 receptor binding sites in the FSL rats compared with the 
control FRL rats. In addition, the effects of the antidepres- 
sant drug fluoxetine were also studied. 

Twenty-six FSL and 26 FRL male rats (Sprague-Dawley 
derived) were kept under standardized lighting conditions at 
a constant temperature of 23°C with free access to food 
pellets and tap water. Half of the animals in each strain 
were injected i.p. every morning for 14 days with 10 
u.mol/kg («3 mg/kg) of the selective serotonin uptake inhi- 
bitor fluoxetine hydrochloride (dissolved in 0.9% saline). 
The other animals were injected similarly with 0.9% saline. 
The rats were sacrificed 24 h after the last injection of fluox- 
etine or saline. Sixteen FSL and 16 FRL were sacrificed 
using focused high energy microwave irradiation [11 J, the 
brain removed, and the different regions dissected and 
frozen in dry ice. NPY-LI were analyzed by competitive 
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Fig. 1. NPY-U levels in the hippocampal CA region of the FSL 
and FRL (control) rats as determined by radioimmunoassay. The 
bar graph represents the mean±SEM {n = 16) given as a 
percentage of the pmol/mg values measured in the FRL rats 
(set to 100%; CA = 357 ± 2.2 pmol/mg wet weight; *P s 0.01). 

radioimmunoassay as previously described [14], but using a 
different NPY antiserum obtained from Dr. M. Brown [6], 
The other animals, 10 FSL and 10 FRL, were decapitated, 
the brains quickly removed and treated as previously 
reported for whole section analysis [1]. In order to visualize 
NPY Yl- and Y2-like receptor binding sites, in vitro recep- 
tor autoradiography was performed as described previously 
by Dumont et al. [3] using 25 pM [ l25 I] fLeu31Pro34]-PYY 
or [ ,25 I]PYY3-36, respectively (non-saturating conditions). 
Non-specific binding was determined by including 1 u~M 
unlabeled NPY in the incubation solution. The slides were 
exposed to Amcrxham Hyperfilm for 3-6 days in the 




CA 1/2 
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Fig. 2. Levels of NPY Y1 receptor binding in the hippocampal 
CA1/2 and CA3 regions of the FSL and FRL rats using [ ,M U 
[Leu31Pro34]-PYY. The bar graph represents the mean £ SEM 
(n= 10) given as a percentage of the fmol/mg values measured 
in the FRL rats (set to 100%;CA1/2= 1.01 ± 0.05 fmol/mg ; CA3 = 
0.91 a 0.03 fmol/mg; *P s 0.01, **P s 0.001). 
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Fig. 3. Computer-generated images of the auradiographic loca- 
lization of ['"I) [Lbu31 Pro34]-PYY in the hippocampal formation 
(approximately -2.S6 mm from Bregma) of a representative FRL 
(A) and FSL (B) rat, showing the increased levds of Yl binding 
sites in the CA regions, but not in the dentate gyrus (Dg), in the 
FSL rats. (C) Shows the unspecific binding in the same region. 
Th, thalamus. Scale bar, 1 mm. 

presence of l25 l microscales (Amersham International, 
UK) as reference standards. Autoradiograins were used for 
semi-quantitative analysis as previously described [\]. In 
order to assess if the fluoxetine treatment was behaviornlly 
efficacious in reversing the exaggerated immobility which is 
a characteristic of the FSL rats, a modified forced swim test 
protocol was carried out, as previously described [13J. The 
swim test was conducted on day 12 of the fluoxetine treat- 
ment paradigm in separate groups of animals (eight FSL and 
eight FRL rats) from those used for the post-mortem 
analyses. Statistical evaluations of strain differences were 
assessed by analysis of variance (three-way ANOVA: strain, 
treatment, and region as a repeated measure). Two-way 
ANOVA (full factorial strain and treatment) with Tukey- 
Kramer post-comparison test was subsequently performed 
using the JMP (3.0v) statistical software package. Using 
Bonferroni correction, P < 0.01 was considered significant 
for the NPY and Yl measurements because eight brain 
regions were studied, and P < 0.02 for the Y2 measure- 
ments because three brain regions were examined. 

Regional differences in NPY-LI were found between the 
Flinders strains; the FSL showed a decrease (26%) in the 
hippocampal CA region (FRL = 35.7 ± 2.2 pmol/g, FSL = 
26.3 t 1.3 pmol/g; P s 0.005; Fig. I) and an increase 
(16%) in the hypothalamic arcuate nucleus (FRL — 366.6 ± 
17 pmol/g, FSL = 424.9 ± 12.4 pmol/g; P< 0.0005) as 
compared with the FRL rats. 

The fluoxetine treatment caused a significant (14%) 
increase in NPY-LI in the arcuate nucleus (saline = 369.7 ± 
16.8 pmol/g, fluoxetine = 421 .77 ± 13.6 pmol/g; P S ().()|) 
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and the anterior cingulate cortex (saline = 51.4 ± 1.9 pmol/ 
g, fluoxetine = 58.9 ± 1.9 pmol/g; PsO.01) in both 
strains. In other regions, such as the dentate gyrus, nucleus 
accumbens, media) amygdala, retrosplenial and occipital 
cortices, no differences in strain, treatment, or sirain X 
treatment interaction were observed. 

The distribution of Yl binding sites, detected using 
l l25 I)[Leu31Pro34] -PYY, a Yl agonist, was consistent 
with that previously described [3], with abundant binding 
sites in the superficial layers of the cerebral cortex, olfactory 
tuberde, islands of Calleja, dentate gyrus (Fig. 2) and thala- 
mus. In the FSL rats, higher levels of Yl binding sites were 
found in the CA1/2 (27%; FRL = 1.01 ± 0.05 fmol/mg. 
FSL = 1.29 ± 0.04 fmol/mg; P < 0.0004) and in the CA3 
(19%; FRL = 0.91 ± 0.03 fmol/mg, FSL = 1.08 ± 0.04 
fmol/mg; P ^ 0.003) regions of the hippocampus (Figs. 2 
and 3) Following fluoxetine administration, a significant 
increase was detected in the medial amygdaloid nucleus 
(19%; saline = 0.82 ± 0.03 fmol/mg, fluoxetine = 0.99 ± 
0.04 fmol/mg; P :S 0.01) and occipital cortex (11%; 
saline = 294 ± 0.04 fmol/mg, fluoxetine = 3.26 ± 0.04 
fmol/mg; P < 0.0001). A similar trend (P s 0.017) was 
found in the dentate gyrus. No differences in strain, treat- 
ment or strain X treatment interaction were found in other 
regions: entorhinal, retrosplenial, and anterior cingulate 
cortices. 

The localization of Y2 binding sites was in line with 
previous findings with high amounts of Y2 binding sites 
in the hippocampal CA region,' lateral septum, ventral 
tegmental area, substantia nigra and dorsal raphe nucleus. 
No difference in strain, treatment or strain X treatment inter- 
action was found in the CA1/2, CA3, or medial amygdala. 

In the forced swim test, the FSL rats displayed the typical 
enhanced immobility as compared with the FRL Tats 
(FSL = 154.6 ±8.1 s, FRL = 49.5 ± 4.4 s; P < 0.0001 ). 
Following fluoxetine treatment, a significant reduction in 
immobility was observed in both strains 
(saline = 1 14.5 ± 16.7 s; fluoxetine = 89.6 ± 12.4 s; 
P & 0,004), but the fluoxetine-induced effect was slightly 
more pronounced in the FSL rats. 

Our findings showing alteration of NPY-LI and Y Mike 
binding sites in the FSL rats support the proposed involve- 
ment of central NPY mechanisms in depression. The altera- 
tion in NPY-LI correlated well with the NPY mRNA 
expression; both NPY-LI and NPY mRNA expression 
were decreased in the CA region and increased in the arcu- 
ate nucleus of the FSL as compared with the control FRL 
rats f l|. 

Another major finding of this study was the strong 
increase in Yl binding sites in the CA region of the FSL 
rats. This could reflect a compensatory mechanism for the 
reduced levels of NPY in the hippocampus of these animals. 
Such an inverse relationship has been previously reported. 
For example, in rais treated with electroconvulsive stimuli, 
NPY-LI was increased, but NPY binding sites decreased in 
the hippocampus f5]. In our previous study, we had 
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observed a decrease in Yl mRNA expression in the dentate 
gyrus of the FSL rats [}}. Since the cells of the dentate gyrus 
project (mossy fibers) mainly within the hippocampus, we 
expected a decrease in the Yl binding sites in this area, 
predominantly in the CA3 region. Nevertheless, it is possi- 
ble that a change in affinity, and not in the amount of the Yl 
receptor, may be responsible for the increased Yl binding 
sites. It should be noted, however, that [Uu31Pro34]-PYY 
binds also, although to a lower extent, to the Y5 receptor 
subtype and, since the Y5 receptor is abundant in the CA3 
region [2], it is possible that the increase in Yl binding 
observed in this region could be due in part to an alteration 
of the Y5 receptor. 

The findings that NPY-LI and its Yl receptor are altered 
in the CA region of the FSL rats again suggest a dysfunction 
of the NPY hippocampal system in depressive disorders. 
Other animal models of depression such as the Fawn 
Hooded rats also show a decrease in NPY-LI in this archi- 
cortical structure [91, while no changes are apparent in the 
learned helpless rats [8], a stress induced experimental 
model of depressive disorders. Moreover, several treatment 
paradigms for depression have been shown to augment 
hippocampal levels of NPY-LI [14] and NPY mRNA 
[16,19]. Other neurotransmitter systems implicated in affec- 
tive disorders and in the action of antidepressant drugs are 
also altered in the hippocampus of the FSL rats. Increased 
levels of serotonin and 5-hydroxyindoleacetic acid have 
been observed in the hippocampal formation of the FSL 
rats, alterations that could be normalized by chronic desi- 
pramine treatment [20]. 

The low dose treatment of fluoxetine used in the present 
study was shown to be efficacious in reversing the beha- 
vioral immobility in the forced swim test which is one of 
the characteristics of the FSL rats L 12.1. In line with our 
previous mRNA results [ 1 ], fluoxetine treatment also caused 
an increase in NPY-LI in the arcuate nucleus and in the 
anterior cingulate cortex. This is consistent with other 
studies showing an increase in NPY-LI in the neocortex 
and in limbic-related structures after lithium [10] or electro- 
convulsive stimuli [14,15]. 

In conclusion, this study provides further support for a 
possible role of the NPY system and, in particular, of the Yl 
receptor mediated NPY transmission in the pathophysiology 
of mood disorders and demonstrates the utility of the FSL 
rats as an experimental model to study the neurochemical 
and functional alterations in depression. 
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Abstract 

Substance P exerts its various biochemical effects mainly via interactions through neurokinin- 1 receptors (NK1). Recently, the NK1 
receptor has attracted considerable interest for its possible role in a variety of psychiatric disorders including depression and anxiety. 
However, little is known regarding the anatomical distribution of NK1 in the human central nervous system (CNS). Riboprobe in situ 
hybridization, quantitative PCR and in vitrb autoradiography were performed. Highest NK1 mRNA levels were localized in the locus 
coeruieus and ventrai striatum, while moderate hybridization signals were observed in the cerebral cortex (most abundant in the visual 
cortex), hippocampus and different amygdaloid nuclei. Very low levels of the NK1 mRNA were detected in the cerebellum and 
thalamus. In view of the existence of a long and short isoform of the NK1 receptor, it was of interest to assess whether there was a 
differential distribution of the two splice variants in the human CNS and peripheral tissues. A quantitative TaqMan PCR analysis showed 
that the long NKI isoform was the most prevalent throughout the human brain, while in peripheral tissues the truncated form was the 
most, represented. 3 H-Substance P autoradiography revealed a good correlation between receptor binding sites and NK1 mRNA 
expression throughout the brain, with the highest levels of binding in the locus coeruieus. These results provide the anatomical 
evidence that the NK1 receptors have a strong association with neuronal systems relevant to mood regulation and stress in the human 
brain, but do not suggest a region-specific role of the two isoforms in the CNS. 



Introduction 

Substance P (SP), a member of the tachykinin family of neuropeptides, 
is widely distributed in the mammalian brain, spina) cord and periph- 
eral tissue. In (he CNS, its distribution lias been studied in detail in 
various species and il is mainly found in striatal regions, substantia 
nigra, and hypothalamus (Kanazawa & Jessell, 1976; Cooper et al., 
1981 ). SP plays a role in a variety of functions through preferential, but 
not exclusive, activation of NK1 receptors while Ihe other members of 
the tachykinins family, neurokinin A and neurokinin B, act mainly via 
NK2 and NK3, respectively. 

The NK1 receptor has been cloned from several species, including 
man (Yokota et al., 1989; Hershey & Krause, 1990), and phannaco- 
logical studies have suggested the existence of two receptor isoforms 
that differ in the length of the carboxyl -terminus (Fong et al., 1992). 
The anatomical localization of mammalian NK1 has been studied by 
different techniques and demonstrated the abundance of the receptors 
in the dorsal striatum, nucleus accuinbens. hippocampus, raphe nuclei, 
and medulla oblongata (Otsuka & Yoshioka, 1993).. In the basal 
ganglia. NKI -like immunnreaeiiviiy is localized on large and med- 
ium-sized aspiny cholinergic neuronal cells (Aubry et al., 1994) and in 
midbrain dopaminergic neurons (Whitty el al., 1997). 

Clinical and experimental animal studies suggest the involvement of 
NK1 in numerous central functions such as nociceptive transmission, 
cognition and basal ganglia functions (Quartara & Maggi, 1998). In 
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addition, the possible involvement of this receptor in psychiatric and 
neurological disorders has been investigated and in particular its role in 
the pathophysiology of depression and anxiety has been demonstrated 
by Kramer el. al. (Kramer et al., 1998) showing antidepressant proper- 
ties of SP antagonists. 

Although a few studies have focused on the localization of NKI 
receptors in specific regions of the human brain, in particular the 
striatum (Aubry et al.. 1994) and cerebral cortex (Kus et al. 1998: 
Tooney el al., 2000), a detailed knowledge of its distribution in the 
human CNS is still lacking. Thus, the anatomical organization of NKI 
receptor mRNA expression and binding sites was studied in the 
postmortem human brain. In addition, as the physiological importance 
of the short isoform has not been clarified, it was of interest to assess 
whether there was a differential distribution of the long and short splice 
variants in different brain regions that could provide the theoretical 
basis for tissue specific pharmacological targeting of NKI receptors. 

Materials and methods 

Preparation of human brain tissue 

Brain specimens were obtained at autopsy under approved ethical 
guidelines at the Karolinska Institute, Stockholm, Sweden. The whole 
hemisphere of four brains were frozen (-85 °C) and eryosectioned in 
coronal and horizontal sections using a heavy-duty microtome 
(PMV400 LKB 2250, Leica. Heidelberg, Germany) as previously 
described (Brene et al., 1989; Hall et al, 1994). The sections, 
lOOjim-thick, were thawed onto poly L-lysinc-treated glass plates 
(15 x 20cm) and stored frozen at 30 C C. The subjects (three females 
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Tab/.f. I. Demographic information related to the brain specimens examined 





Gender 


Age (hours) 



HMl (hours) 


Cause of death 


. 

1 


Female 


40 


24 


Heart failure 


2 


Male 


61 


15 


Heart failure 


3 


Female 


54 


24 


Heart failure 


4 


Female 


61 


6 


Heart failure 


5 


Male 


39 


12 


Heart failure 


6 


Female 


65 


6 


Heart failure 


7 


Male 


50 


24 


Heart failure 


g 


Mute 


44 


12 


Heart failure 


9 


Male 


32 


24 


Suicide 



and one male) had an average age of 54 years (range 40-61) with an 
average postmortem interval (PMI) of 17 h (range 6-24). Four addi- 
tional brain specimens (one female and four males; average age 
46 ± 6; PMT 1 6 ± 4) obtained at autopsy were immediately, blocked 
into 1.5-2.0 cm-thick coronal slabs, frozen in dry ice-cooled 2-methyl- 
butane, and stored at -70 "C. Demographic information on all subjects 
is provided in Table 1 . No macroscopic pathology was found in any of 
the brain specimens and toxicological screening indicated no presence 
of ncurouclive drugs. Coronal sections (20 urn-thick) were cut from the 
blocks of tissue using a Jung-Frigocut 28O0K cryostat (Leica) and 
thaw- mounted onto poly I. -lysine glass slides. 

In situ hybridization 
Riboprobe preparation 

The NK1 probe was generated by PCR corresponding to nucleotides 
127-498 of the patent sequence (M84425). The fragment was sub- 
cloned into a pCRII-TOPb vector. Prior to transcription, these plas- 
mids were linearized with the appropriate restriction enzymes for 
generating the antisense and sense riboprobes. RNA probes comple- 
mentary to the coding sequences were transcribed from the linearized 
plosmid template with 150pCi a-[ 33 P]UTP (Amersham). SP6 and T7 
RNA polymerase was used for generating the atitisense and sense 
probes, respectively. Transcription occurred in the presence of 10 mM 
diihiothreitol, 0.5 inM each of All', G1P, CTP, and I ug linearized 
plasmid template in a 1 x transcription buffer for 60 min at 37 °C. The 
labelled probes were then separated from unincorporated nucleotides 
using spin columns (Pharmacia Biotech. Stockholm, Sweden). 

In situ hybridization 

In situ hybridization was carried out as previously described (Caber- 
lotto ei at., 1997). Briefly, the brain sections were fixed in 4% 
paraformaldehyde/ 1 x phosphate buffered saline for' 10 min, rinsed 
twice in lx PBS and treated with 0.25% acetic anhydride : 0. 1 M 
triethanolamine : 0.9% sodium chloride for 5 min. The sections were 
then rinsed in 2x SSC, dehydrated in graded series of ethanol (70%, 
80%, 95%i 100%) and delipidated witii chloroform. They- 'were 
allowed to air dry before being used or were frozen at —70 e C until 
use. All aqueous solutions were pretreated with 0.1% diethylpyrocar- 
bonate before use. The hybridization buffer consisted of 0.5 mg/mL 
sheared single stranded DNA, 250 ug/mJL Yeast tRNA, I x Denhardt's 
solution, 10% dextran sulphate, 4x SSC, and 50% formamide. Before 
hybridization, the labelled probe was added to the hybridization 
cocktail in a concentration of 20 x 10* qjm per uL. A volume of 
0. 1 5 mL or 2 mL of this hybridization mixture was applied to the small 
and big sections, respectively. The sections were cpverslipped to 
prevent evaporation and the hybridization was carried out in a humi- 
dified chamber overnight at 55 "C. Incubation was followed by wash- 
ing in graded series of SSC (2x, IX. 0.5 x, 0.1 x) containing 1 mM 
dithiothreitol all at room temperature except for the 0.1 x SSC (53 J C) 
and dehydration was carried out with graded ethanol solutions contain- 
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ing 300 mM ammonium acetate. The slides were then air dried and 
exposed to imaging plates (Fuji, Tokyo) along with l4 C standards for a 
period of 3-7 days. The .sections were then dipped in Kodak emulsion, 
exjKwed for 2 months at 4 U C, developed, and counterstained with 
cresyl violet to facilitate morphological analysis. 

Autoradiography 

Binding experiments were performed essentially as described by 
Mantyh ei ul. (Mantyh el al., 1984). Briefly, brain sections were air 
dried and preincubated for 15 nun at room temperature in Tris-IICl 
(50ntM, pH7.4) containing 0.02% bovine serum albumin (BSA). 
Sections were then incubated for 90 min at room temperature in the 
same buffer containing MnCI 2 (3mM), bacitracin (0.04 mg/mL), leu- 
peptin (0.004 mg/mL), chymostatin (0.002 mg/mL), and 2ruM 3 H-SP 
(53Ci/mmol, Amersham). Non-specific binding was determined in the 
presence of 1 uM unlabelled SP in the incubation buffer. At the end of 
the incubation, sections were washed four times (30 s each) in ice cold 
Tris-HCI (50 mM pll 7.4) containing 0.02% BSA, briefly dipped in ice 
cold distilled water, dried under a stream of cool air, and exposed to 
imaging plates for two weeks. 

Quantification 

The film autnradiograms from the in situ hybridization and autoradio- 
graphy, experiments ...were scanned using a BAS-5000 Bio-Imaging 
Analyzer (Fuji, Tokyo) and quantified using an image analysis soft- 
ware system (AIS, Imaging Research Inc., Canada). Regions of 
interest were defined by anatomical landmarks in conjunction with 
De Armond (DcAnnond et al., 1989) human brain atlas. Based on the 
known radioactivity in (he l4 C-slan'dards (in stlu hybridization) or 3 II- 
standaids (autoradiography) relative to their transniirtance levels, the 
optical density values were converted to nCi/g or fmol/rug protein, 
respectively. Each specific brain region was selected by individually 
tracing the structures on (he TV monitor with a cursor. 

Real time quantitative PCR (TaqMan) 
Generation of samples 

Human tissue or RNA was purchased (Biochain, San Leandro, CA; 
Invitrogen. Leek, The Netherlands: Clontcch,. Palo Alto, CA) or 
donated (Netherlands Brain Bank, Amsterdam, The Netherlands) 
and poly A+ RNA was prepared by the PolyATract method according 
to manufacturers, instructions (Promega, USA). The poly A+RNA 
samples from 20 body tissues and 19 brain-regions from four indivi- 
duals per tissue (two males/two females) were quantified using 
absorbance at 260 nm measurements or the RiboGrccn fluorescent 
method (Molecular Probes, Oregon, USA) and 1 p.g of each RNA was 
reverse transcribed using random nonomers and Superscript II reverse 
transcriptase according to manufacturers instructions (Life Technol- 
ogies). ThecDNA prepared was diluted to produce up to 1000 replicate 
96^wel) plates using Biomek robotics (Beckman Coulter, High 
Wycombe, UK), so that, each of the wells contained the cDNA 
produced from 1 ng RNA for the appropriate tissue. The 96-well 
plates were stored at —80 "C prior to use. 

TaqMan PCR ! 

TaqMan quantitative PCR was conducted to measure cither the gene of 
interest or housekeeping genes using replicate 96-wcll plates. A 20-p.L 
volume of a PCR master mix (containing 2.5 uL TaqMan buffer, 6 uL 
of 25irtM MgCl 2 , 0.5 uL of lOmM dATP, 0.5 uL of 20mM dUTP, 
0.5 uL of lOmM dCTP, 0.5 pL of 10 mM dOTP, 0.25 pL uracil-W- 
glycosylase, 1 uL of IOum forward primer, 1 uL of 10uM reverse 
primer, 0.5 uL 5uM TaqMan probe, 0.125uLTuqUold (PE Biosys- 
tems). and water was added to each well using Biomek robotics 
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Fic. 1 . Autoradiogrunis showing the distribution of NKl mRNA using the antisense (A) and sense (ft) riboprobe with in situ hybridization and the 'H-SP total (C) and 
non-specific (D) binding with in vilrv autoradiography in die human striatum. CM. caudate nucleus; Pu, puuunen. Scale bar, 0.5 cm. 



(Beckman Coulter, High Wycombe, UK), and the plate capped using 
optical caps (PR Binsystems). The PCR reaction was carried out on an 
ABI7700 Sequence Detector (PE Biosystems) using the PCR para- 
meters: 50 "C for 2 min. 95 C for 1 0 min and 45 cycles of 94 "C for 
15 s, 60 "C for 1 minute, and the level of mRNA-deri ved cDNA in each 
sample was calculated from the TaqMan signal using plasmid/gcnomic 
DNA calibration standards included in each run. The level of genomic 
DNA contaminating the original RNA samples was shown to be 
negligible (< 10 copies genomic DNA/ng RNA) by TaqMan measure- 
ment of genomic sequence for 10 genes in replicate samples taken 
through the reverse transcription procedure described with the omis- 
sion of reverse transcriptase. Parallel assays were carried out using 
primers and probes for the housekeeping gene glyceraldeliyde-3- 
phosphate dehydrogenase (GADPH) for normalization. Gene-specific 
reagents for NKl short: forward primer 5'-tcttcttccicctgccctacatc-3\ 
reverse primer 5'-ggttggatcctcacctgtcat-3\ TaqMan prube 5'-accca- 
gatctctacctgaagaagtttatccagca-3'; NKl long, forward primer 5'- 
tcttctttclcclgccctncatc-3', reverse primer 5'-gcccagacggaacctgtcat-3'; 
housekeeper GADPH, forward primer 5'-caaggtcatccatgacaactttg-3', 
reverse primer 5'-gggccatccaeagtellctg-.V, TaqMan probe 5'-acca- 
cagtccatgccalcactgcca-3'. 

Results 

The whole hemisphere horizontal sections revealed a scattered pattern 
of expression of the NK I mRNA throughout the hrain. The distribution 



pattern and the levels of expression were similar in all the subjects 
tested with some variability typical of human studies. In situ_ hybri- 
dization experiments carried out with the sense riboprobc produced no 
positive hybridization signal (Fig. IB). Overall, the NKl mRNA 
expression was higher in the striatum, moderate in the cerebral cortex, 
hippocampus and amygdala, and low in Ihe thalamus and cerebellum 
(Figs 2 and 3), 

The distribution of 3 H-SP binding sites was in line with the pre- 
viously reported localization of 115 1-BH-SP (Dietl & Palacios, 1991; 
Burnet & Harrison, 2000) with strong labelling in the striatum and 
moderate in the cerebral cortex. The levels or expression of ^H-SP 
binding sites were also similar in all the subjects tested. 3 H-SP bound 
with high specificity to SP binding sites as demonstrated by the 
reduction of labelling in the presence of 1 um unlabelled SP (Fig. 1C 
and D). 

A good match between the NKl mRNA expression and 3 H-SP 
binding sites was detected with a positive correlation (r = 0.96: 
P =0.002) in the six regions studied with both in situ hybridization 
and receptor autoradiography. 

Telencephalon 

Low to higb levels of the NKl mRNA were demonstrated in different 
cortical areas (Figs 2 and 3). In the visual cortex, the expression levels 
were high as compared to the cingulate and insula cortices. The 
hybridization signal was present throughout all cortical layers, with 
the highest expression in the superficial laminae. A different 
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Km. 2. Auioradiogrnins showing the disiribulion of NK 1 receptor mRNA expression at different levels of (he human brain. The whole human hemisphere horizontal 
sections are approximately 81.1 mm ahovc (A). 91.8 mm (B) and 101 mm (C) below anterior commissure. Acc, accumbens; Amy. amygdala; CA. comus hammoms 
hippocampi; Cb, cerebellum-, CI, clan strain ; CN, caudate nucleus; Dg, dentate gyrus: GP, globus pallidus; Hyp. hypothalamus; Pit. putamen; Sc. superior colliculus; 
ST Ctx, striate cortex: Th. thalamus. Scale bar, 1 cm. 

hybridization pattern was detected in the striate cortex (Brodmann area the superficial as compared to the deeper layers. In the temporal 
17) with a strong signal present in both the superficial and deep layers cortex, the level or specific binding in the superficial layers 
(Fig.2A). Moderate levels of binding of J H-SP were observed in (4.75 ± 0.38 fmol/mg) was twice the level measured in the deep layers 
cortical regions, with generally higher density of binding sites in (2.47 ±0.14 fmol/mg). 
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T.abi.k2. Levels of NKl short and long isoforms expressed as copies of (he 
gene mRNA delected per nf mRNA pool 
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Results are expressed as mean + SF.M measured in four subjects. The last 
column shows the Short/Total percentage. 



In the hippocampus, a moderate NKl mRNA expression level was 
seen in (he CA region and dentate gyrus (Figs 2, 3 and 4C). Within the 
CA region, the CA3 division had the strongest hybridization signal. In 
the dentate gyrus, the hybridization signal was found in the poly- 
morphic layer. 3 H-SP autoradiography showed a distinctive distribu- 
tion pattern, with a substantial amount of binding sites in the dentate 
gyrus (12.3 ± 3.08 fmol/mg) and u much lower level in the CA regions 
(2.21 ± 0.85 fmol/mg; Fig. 4D). 

The dorsal striatum displayed abundant NKl mRNA expression 
with similar high levels in the caudate nucleus and in the putamen 
(Fig.4A). A stronger signal was apparent in the ventral striatum 
(nucleus accumbens) due primarily to intense labelling in the island 
of Callcja (Figs 1A, 2A and 4A). In addition to the island of Calleja, 
very strong labelling was seen in the ventral diagonal band of Bnica. 
The globus pallidus instead presented a very weak signal (Fig. 2A). 
The bed nucleus stria termiualis was only weakly lal>elled (Fig.4A). 
High levels of the 3 H-SP binding sites were observed in the same basal 
ganglia regions (caudate nucleus 20.25 ± 0.57 fmol/mg; putamen 
19.22 X 1.20 fmol/mg; Figs IC and 4B), with a very low amount of 
binding sites in the globus pallidus (data not shown). As for the NKl 



§3 




Fic. 3. The average NKl mRNA expression in the total area of selected human 
brain regions given as percentage of the nCi/g values measured in the caudate 
nucleus (set 100%). The caudate nucleus values were 247 +28nCi/g. Percen- 
tage values represent meanXSEM measured in four subjects. 



mRNA expression, abundant H-SP binding sites were seen in the 
island of Calleja and ventral diagonal band of Broca and low in the ted 
nucleus stria terminalis (Fig.4B). 

Positive NKl hybridization signal was detected in the amygdaloid 
complex (Figs 2 and 3), with moderate levels in the lateral and 
accessor}' basal nuclei and (ow in the basal nucleus. Stronger hybri- 
dization signal was seen in the paxalaminar nucleus. Moderate levels of 
binding sites were observed in various amygdaloid nuclei with similar 
abundance in the lateral (4.2 ± 0.46 frnbl/mg), basal (5.1 ±0.32 fmol/ 
nig) and accessory basal nuclei (6.5 ± 0.34 fmol/mg). 

Diencephalon 

■In die main body of the thalamus, the NKl mRNA expression was 
found to be only just above background level (Figs 2A and 3) with no 
labelling in the central medial thalamic nucleus or in the matiuiullary 
body (Fig.2A). A moderate-to-high signal was seen in the hypotha- 
lamus, iti particular in the ventral medial hypothalamic nucleus 
<Fig.2B). 

Mesencephalon and metencephalon 

The dorsal raphe nucleus exhibited a low NKl mRNA expression and 
binding sites (delta not shown). The locus coeruleus displayed a very 
high level of the NKl mRNA expression (Figs4E and 5B) and was also 
highly enriched in 3 H-SP binding sites ( 130.6 ± 15 fmol/mg; Fig.4F), 
representing the area with the strongest NKl binding signal. Very low 
NKl mRNA expression was seen in the cerebellum (Figs2C and 3). 

NKl isoforms 

TaqMan real time PCR demonstrated the relative abundance of NKl 
mRNA (short and long isoforms) to be simitar to that described with in 
situ hybridization, with the highest abundance in striatum and lowest in 
thalamus and cerebellum (Fig. 6A). In the CNS, both the long and short 
isoforms were present in all the regions studied although in different 
proportions, with the NKl long isoform ljeing more abundant then the 
short with the exception of the substantia nigra and cerebellum 
(Table 2). In the periphery, the NKl mRNA was found to be highly 
expressed in the adipose tissue, prostate, and pituitary, while very low 
to undetectable signal was seen in the cartilage, hone marrow, macro- 
phages, and liver (Fig. 6B). The short isoform seemed to be overall the 
most prevalent in the periphery (Table 2). In regions such as bone, 
spleen and in lymphocytes very low to undetectable levels of the long 
splice variant were found. 
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Fig. 4. Distribution of NK1 mRNA (A, C, and E) and } H-SV binding sites (B, D and F) in different regions of the human brain: striatum (A and B). hippocampus (C 
and D), and locus cocrulcus (E and F). CA, cornus hainmoiiis hippocampi; CN, caudate nucleus; DBB, diagonal band of Bmca; bg. dentate gyrus; GP, globus 
paliidus: ICj, Island of Calleja; I..C, Incus coeruleus; Pu. putamen. Scale bar. 0.5 cm. 



Discussion 

The prcscnl sludy provides ihe first detailed distribution of the NK1 
mRNA and binding sites in the postmortem human brain with focus on 
the distribution of the long and short isoforms. The present data 
demonstrate a strong correlation between NKI mRNA-expressing 
cells and J H-SP binding sites, suggesting that the NKI receptors 
are more likely situated in close proximity to cell bodies rather than 
in Ihe terminal projections. The anatomical organization also implies a 
strong association of the NK1/SP system with limbic-rclaled neural 
networks in the human brain. 



Overall, the present data confirmed the abundance of NKI mRNA 
expressing cells and binding sites in the striatum. NK I -like immunor- 
cactivity has been previously found in striatal aspiny interneurons 
(Gcrfcn, 1991; Parent el al., 1995) which also contain choline acet- 
yltransferasc, nitric oxide, and/or somatostatin (Kowall el al., 1993: Li 
el al., 2000). In the striatum, SP is also very abundant and is present in 
local collaterals of spiny projection neurons (Gerfen & Young, 1 988; 
Lee el al., 1997) which form synapses with cholinergic inlemeurons 
(MarLone ei at., 1992) often containing NKI receptors (Gerl'en, 1991; 
Pickel ei al., 2000). Many studies have focused on the possible role of 
SP in basal ganglia functions and it has been suggested that alterations 
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F«i. 5. High magnification bright field photomicrograph showing the locafoation of NKI mKNA expression in the caudate nucleus (A) and locus cueruleus (B). 
Black arrowheads identify the intensely labelled cells' and the white point to NKI mRNA-negative cells. Scale bar. A. 20pm; B, 60 um. 



of tachykinins gene expression could reflect the extrapyramidal motor 
effect of neuroleptic drugs. In fact, antipsychotic drugs with extra- 
pyramidal side-effects alter tachykinins and NKI rnRNA (Bannon 
el at., 1986; Humpel et al.. 1990), while clozapine, which lacks these 
side-effects, does not affect the tachykinins (Angulo et al., 1990; 
Humpel ei at., 1990). Ait involvement of tachykinins in the patho- 
physiology of Parkinsons disease lias also been proposed (Barker, 
1991 ), hut no final conclusions have as yet been made. 

The NK 1 inRNA and binding sites were found in different cortical 
regions throughout the human brain. Of Ihe cortical regions studied, 
the striate cortex appeared to be a main NK I area being enriched in 
both NK I rnRNA expressing cells and binding sites (Kus et al., 1998), 
suggesting a possible role of NKI in mediating SP regulation of visual 
functions. Previous studies in primates suggest a regulation of the 
tachykinin system in the visual cortex as tachykinins arc reduced after 
visual deprivation (Hendry a at., 1988; Benson et al., 1994), although 
the exact role in visual functions is still unclear. In the visual cortex. 



NKI binding sites were highest in layer IV (Kus et al., 1998) and NKI 
mKNA was also expressed in deeper layers (present data). The laminar 
pattern of distribution of NKI rnRNA and binding sites and the 
localization of NKI-LI in small non-pyramidal cells (Tooncy et al., 
2000), would imply that the NKI neuronal cells in the human cortex 
are mainly interneurons that ramify within layer IV and/or send projec- 
tion to layers 1 and U. In the rat aud monkey cortex. NKI positive 
neurons are also found to be immunoreactive forGABA (Kancko etal.. 
1994; Echevarria et al., 1 997), . neuropeptide Y and somatostatin 
(Kaneko el al., 1994) and, thus, to be inhibitory interneurons. 

In the hippocampal formation, NKI rnRNA and binding sites are 
found mainly in association with the polymorphic layer of the dentate 
gyrus consistent with the distribution of NKI -like immunoreactivity 
(Magloczky et al., 2000). Abundant SP-expressing cells have been 
documented in the hippocampal region (Del Fiacco et at., 1987; 
Hurd et at, 1999). Although very little is known about the functional 
properties of the NKI receptor in the hippocampus, a number of 
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Fig. 6. TaqMan PCR of NKl mRNA long and short isoforrus in human central nervous system (A) and peripheral tissues (B). Data are expressed as copies of gene's 
raRNA detected per ng mRNA pool normalized to GADPH to correct for RNA quantity and integrity. 



studies have related SP to the modulation of learning and memory 
processing. Intracerebroventricular injections of SP have been shown 
to facilitate learning (Flood et al., 1990) and to be effective in 
counteracting age-related learning deficits (Hasenohrl et al., 1990: 
Hasenohrl et al, 1994). In addition to learning and memory, the 
hippocampus has been strongly implicated in the neurobiology of 
stress and multiple clinical studies have documented abnormalities in 
the hippocampus of subjects with major depression disorders (Sheline 
et al., 1999; Bremner et al.. 2000: Frodl et al, 2002: Lee et al, 2002). 
SP has also been related to the pathophysiology of epilepsy and lurinic- 



acid induced seizures were found to alter preprotachykinin-A mRNA 
in the hippocampus (Brene et al, 1992; Zachrisson et al, 1998). 
Animal and human studies have related NKl to seizure activity: CP- 
122721-1, an NKl antagonist, attenuates kaink-acid induced seizures 
(Zachrisson et al., 1998) and an induction of changes in the number 
and distribution of NKl -positive neurons has been reported in the 
dentate gyrus of epileptic subjects (Magloczky et al., 2000). 

The strong expression of NKl mRNA and binding sites that was 
apparent in the locus coeruleus, a region also enriched in SP-contain- 
ing axon terminals (Ribeiro-da-Silva et al., 2000) is intriguing and 
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supports the hypothesis for a role of SP in depression. A regulation 
of noradrenergic neurons by tachykinins has also been suggested 
(Guyenet & Aghajanian, 1977; Cheeseroan et al, 1983) and double 
labelling immunohistochemical studies have demonstrated that NK1 
receptors are expressed in the locus cocruleus noradrenergic neurons 
(Chen et al., 2000). Electrophysiological and pharmacological studies 
have shown that SP or NK1 agonists and antagonists can affect the 
activity of locus coeruleus (LC) neurons both in vitro and in vivo 
(Guyenet & Aghajanian, 1977: Maubach et at., 2002). Selective 
NKl receptor antagonists can attenuate the expression of c-fos-like 
protein, used as an index of neuronal activation, which is increased in 
LC following stressful stimulation (Halin & Bannon. 1999). Recent 
findings show that both NKl receptor antagonists and drugs acting on 
the noradrenergic system, such as imipramine, increase the firing 
activity of LC neurons, suggesting that this mechanism of action 
may contribute to their proposed antidepressant effect (Maubach 
el al., 2002). 

The presence of NK 1 mRNA and binding sites in the amygdala and 
other limbic-related regions, such as the nucleus accurabens and 
diagonal band of Broca, also supports a role for NKl receptors on 
the neural pathways involved in emotional responses. Consistent with 
this hypothesis, focal injection of a selective NKl receptor antagonist 
into the basolateral amygdala, was able to inhibit guinea pig neonatal 
vocalization, which is an index for the efficacy of anxiolytic and 
antidepressant drugs (Boycecf al,, 2001). In addition, in the guinea pig 
basolateral amygdala, NKl receptor activation stimulates inhibitory 
synaptic activity (Maubach et- al, 2001). Therefore it has been 
suggested that SP directly activates NKl receptors colocalized on a 
population of GABA interneurons within this amygdaioid nucleus. 
The SP-induced increase in inhibitory tone is likely to influence also 
the activity of connected nuclei and pathways involved in emotional 
behaviour, 

Tn the human dorsal raphe, only low levels of the NKl mRNA and 
binding sites were found. Despite the low abundance of the NKl 
neurons in this region, previous studies have demonstrated co- 
exprcssion of SP and 5-HT in a substantial number of neurons of 
the human dorsal raphe, mainly localized in the larger rostral portion 
(Baker et al, 1991; Sergeyev etal, 1999). Although this evidence is 
lacking in the rat dorsal raphe, functional interactions between 
SP-containing neurons and 5-HT system have been demonstrated in 
die rodent brain (Shirayama et al., 1996). In mice, both genetic 
disruption (knock out) and pharmacological blockade of NKl recep- 
tors result in an increase in the firing rate of 5-HT dorsal raphe neurons 
and in a marked reduction of anxiety and stress-related responses 
(Froger et al.. 2001; Santarelli et al, 2001). 

Long and short isoforms 

A differential expression of the two NK 1 splice variants in the rat had 
previously been identified using immunohistochemistry and in vitro 
autoradiography (Mantyh et al., 1996). In the present study, real time 
quantitative PCR revealed the differential expression profile and the 
relative abundance of the two splice variants in the human central and 
peripheral tissues. In the majority of the regions analysed throughout 
the human brain, there was the overall prevalence of the long variant 
over the short, although both isoforms were found in all the regions 
studied. A recent study failed to detect the truncated form in the human 
brain, but this discrepancy could be due to the low levels of expression 
of the short form and to the sensitivity of the method used (Page & 
Bell, 2002). In fact, in situ hybridization experiments with riboprobes 
specific for the long and short splice variants also failed to detect any 
short isoform hybridization signal in the striatum (data not shown). 
The two isoforms differ in the cartxixy-tenninal region and for the 



resistance to desensitization, with the short splice variant being more 
responsive to SP stimulation (Li et al., 1997). This could suggest a 
possible distinct role in discrete populations, although, in view of the 
present findings, we cannot relate the two isoforms to region-specilic 
SP-mediated functions in the CNS. The C-terminal region could 
possibly be of importance for the coupling to different second mes- 
sengers systems or for the different targeting pathways of the receptor 
on the neuron, as it has been shown for the metabotropic glutamate 
receptor mCluRl (Chan et al., 2001 ). In support of this last hypothesis, 
there is evidence of a differential cellular localization of NK1-LI in 
bone, where NK1-LI is found in the cytoplasm, as compared to 
neuronal cells that are characterized by cellular membrane localization 
(Goto & Tanaka, 2002). Further studies arc needed to address whether 
coupling or other functional consequences do differ between the short 
and the long isoforms. 

Opposite to what was seen in the CNS, in the human peripheral 
tissues, the short isoform was the most represented, with regions such 
as bone and spleen showing exclusive expression of this transcript. 
This shorter form does not undergo a rapid desensitization (Li et al., 
1997). suggesting a need of a longer responsiveness in these regions. 
Although the physiological implication of the prevalence of the short 
isoform in peripheral tissues is not presently known, it could be of 
importance for the pharmacological targeting of specific tissues. 

Species differences 

Several studies have examined the anatomical distribution of NKl 
receptor in the rodent brain (Dam & Quirion, 1986; Saffroy et al.. 
1988; Yip & Chahl, 2000). Phylogenetic studies have reported differ- 
ences in the distribution of NKl binding sites between rat and guinea 
pig, showing a good similarity in the basal ganglia, but some differ- 
ences have been documented in other brain regions such as the cerebral 
cortex, hippocampus, and cerebellum (Pctitet et al., 1993; Saffroy 
et al, 1994). The present results also provide evidence of species 
differences between the rodent and the human brains. Overall, the 
striatal localization seems to be 'preserved in the different species, but 
the NKl distribution in the human cerebral cortex, hippocampus and 
dorsal raphe bears a closer similarity to the rat as compared to the 
guinea pig. In the amygdala, NKl nuclear distribution in humans 
appears to be distinct from the rodents which show a similar amygdala 
organization (Saffroy et al, 1994). In addition to anatomical differ- 
ences, discrepancies in the pharmacological properties of NKl recep- 
tors have also complicated the preclinical evaluations of NKl receptor 
ligands (Beresford et al, 1991). The functional relevance of these 
differences is not clear as in some, although not in all cases, animal 
studies were highly predicitve for the therapeutic effect of a NKl 
ligand. In fact, despite the differences in NKl pharmacology and 
limbic distribution between the species. NKl antagonists have been 
shown to have an anxiolytic-like activity in both guinea pig and rat 
(File, 1997; Boyce et al. 2001), and clinical trial with the NKl 
antagonist MK-869 (Kramer et al, 1998) show improved clinical 
symptoms in patients with major depression and anxiety. Although in 
this case the final elTect of NKl blockade seems to be conserved 
among species, in another therapeutic area such as chronic pain, data 
from animal studies do not predict the effects of the NKl ligand in 
humans (Hill, 2000). Such inconsistencies between the species sug- 
gests that some caution should be taken when extrapolating results 
directly from preclinical to clinical human studies. 

Conclusion 

In conclusion, the presence of NKl gene and binding sites in limbic- 
related areas such as the amygdala and locus coeruleus gives support to 
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NK1 as a potential target for antidepressant treatment intervention. In 
addition, the predominance of the long isofonn emphasizes a greater 
contribution of the long splice variant to CNS functions. 
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Objective: Tin's study was undertaken to investigate cyclin D2 mRNA and protein expression in 
human endometrium during the menstrual cycle. 

Methods: Endometrial samples were obtained from 15 premenopausal nonpregnant ti'omen who had 
hysterectomies for benign gynecologic reasons. 'I'hcy were divided into the following Jive groups according to 
histologic dating: early proliferative (h = 3), mid to hie proliferative (n = 3), early secretory (n — 3), mid 
secretory (n — 3), and late secretory (n — 3). Cyclin D2 mRNA and protein expression were analyzed 
using reverse transcriptase-polymerase chain reaction, Western blotting, and immunobistochemislry. 
RESULTS: Cyclin D2 mRNA and protein were expressed hi human endometrial tissue throughout the 
menstrual cycle. Cyclin D2 mRNA and protein expression of proliferative, phase endometrium were 
significantly higher than those of secretory phase endometrium (P < .05). The staining intensity of cyclin 
D2 in proliferative phase endometrium was higher than that in secretory phase (P < .05). Cyclin D2 
mRNA level showed good correlation with cyclin D2 protein level (R - 0.579, P < .03), and q>clin D2 
protein also showed good correlation with immittioltistochemical staining intensity (R. = 0.562, P < .03). 
CONCLUSION: Cyclin D2 was expressed in human endometrium throughout the menstrual cycle. Cyclin 
D2 mRNA and protein were expressed at high levels in proliferative phase endometrium, especially in the 
early proliferative phase, and Own decreased in the. secretory phase. (J Soc. Gynecol luvestig 2U02;9:41- 6) 
Copyright <© 2002 by the Society for Gynecologic investigation. 
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"%~~\ egulation of the cell cycle within any cell type is 
complex, involves the balance of many regulatory 

si ^ 

.M... ^.molecules, and can he altered by numerous external 
signals acting at multiple steps in the cycle. Cyclins are ;i group 
of proteins that are expressed periodically during die progres- 
sion of the cell cycle. 1 The O-type cyclins (Dl, D2, and D3) 
have been known to be cell cycle activators. Among these 
cyclins. cyclin D2 is known as a rate-limiting positive cell cycle 
regulator that has a pivotal role in granulosa cell proliferation in 
the mouse, rat, 2 and human ovary. 3 Cyclin D2 might be 
associated with endometrial cell cycle regulation. However, 
die expression pattern of cyclin D2 during the menstrual cycle 
in human endometrium has not been described. 

To prepare for implantation, the endometrium undergoes a 
precise developmental progression. The first, half of the men- 
strual cycle, the proliferative phase, is estradiol (E 2 ) dominated 
and is characterized by intense mitotic activity of endometrial 
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glandular epithelium, stromal cells, and vascular endometrium. 
The second half of the cycle, the secretory phase, is proges- 
terone (P4) dominated and is characterized by differentiation 
of endometrial components. 4 

We hypothesized that cyclin D2 participates in die endo- 
metrial cell cycle regulation, and so research was undertaken to 
identify the cyclic expression pattern of cyclin D2 mRNA and 
protein in human endometrium during the menstrual cycle. 

MATERIALS AND METHODS 

Patients 

Endometrial samples were collected after obtaining informed 
consent from 15 premenopausal nonpregnant women (age 
range 36 — 47 years) who had hysterectomies for benign gyne- 
cologic reasons. This study was approved by the Ethical Com- 
mittee of the Samsung Medical Center. All women who 
participated in this study had taken neither contraceptives nor 
hormonal agents for at least 3 months before surgery. The 
endometrial specimens were obtained from the corpora ot the 
uteri and were divided into the following five categories by 
histologic dating: early proliferative phase (n — 3), mid to late 
proliferative phase (n = 3). early secretory phase (n — 3), mid 
secretory phase (n = 3), and late secretory phase (« = 3). 
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Figure 1. expression of cycliu D2 niRNA (A) and protein (B) in human endometrium during the menstrual cycle using reverse transcnprasc- 
polymcrase chain reaction and Western blotting. PE = early proliferative phase (n = 3); PMI. ~ mid to late proliferative phase (// = 3); SE ■- 
early secretory phase (n = 3); SM = mid secretory phase (» = 3); and SL = late secretory phase (ii = 3). 



Reverse Transcriptase-Polymerase 
Chain Reaction 

Total RNA was extracted from endometrial tissues by TRIzol 
reagent (Gibco-BRL, Grand Islatid, NY) according to the 
manufacturers instructions. Total RNA (2 |ig) was reverse 
transcribed in final 25 pX of'Tris butter (50 mmol/L, pi I 8.3) 
supplemented with potassium chloride (75 mmol/L), magne- 
sium chloride (3 mmol/L), dithiothrcirol (5 mmol/L). de- 
oxynuclcotidc triphosphate. ((1.5 mmol/L each), oligo dT (1.5 
mol/L). and moloney murine leukemia virus (M-MLV) re- 
verse transcriptase (200 U, Promegn, Madison. Wl) at 42C for 
60 minutes. Polymerase chain reaction (PGR) amplification 
was performed in a final 50-p.L reaction volume containing 2 
p-L of reverse transcribed cDNA, 0.4 mol/L of each primer, 1 
U of Taq ON A polymerase (Promega), IX Taq DNA poly- 
merase buffer, magnesium chloride (2.5 mmol/L tor cyclin D2 
and glyceraldehyclc-3-phospbate dehydrogenase | GAPDH]), 
arid deoxynucleoiide triphosphate (0.2 mmol/L each). Tlie 
PGR reaction was conducted in a Progeue Thermal Gycler 
vvitli the following program: denaturing tor 1 minute at 950, 
annealing for 45 seconds at 56G (for cyclin D2) and at 60C (for 
GAPDH), and elongation for 2 minutes at 74C for a total of 30 
cycles (for cyclin D2) and 28 cycles (for GAPDH), except for 



the last cycle, for which the elongation step was prolonged to 
10 minutes at 74C. The amount of template cDNA used in 
each reaction was normalized to the amount of GAPDH 
niRNA. Amplification of template cDNA was in the linear 
range for the number of PGR cycles, and reverse tiansriptasc 
(RT)-PGR of GAPDH transcript was performed using the 
same amount of cDNA from each sample. The PGR products 
were visualized by electrophoresis on 1.5% (w/v) agarose gels. 

Oligonucleotide Primers 

Based on the cDNA sequences available through GenBank, 
oligonucleotide PGR primers were selected with the assistance 
of a computer program (DNA STAR) designed to optimize 
GC content and molting temperature, and to minimize hairpin 
and dimer formation. The PCR primers were: cyclin L)2 
forward, 5 '-TAG TTC AAG TGC GTG GAG AAG GAC- 
3'; cyclin D2 reverse, 5'-TCC CAG ACT TOG ACT 1 GC 
GAT CAT- 3': GAPDH forward, 5'-ACG ACA GTC CAT 
GGC ATC AC-.V; and GAPDH reverse, 5'-TCC ACC AGC 
CTG TTG CTG TA-3', which resulted in products of 480 bp 
and 452 bp, respectively. The PGR products were sequenced 
to verify their identity and homology to corresponding cDNA 
sequences in GenBank. 
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Figure 2. Comparisons of endometrial cyclin D2 mRNA expression 
during thr menstrual cycle. A) Proliferative phaj>e (» = 6) compared 
with secretory phase [n = V). b) Comparison of subgroups. Data are 
expressed as mean + standard error. Abbreviations as in Figure 1. 

Immunohistochemistry 

Immunohistocheiiiistry was performed on 5- pan sections of 
formalin-fixed, paraffin-embedded normal endometrium ac- 
cording to the manufacturer's recommended procedure tor the 
LSAB kit (Dako A/S, Glostmp, Denmark). The sections were 
baked at 60C for I hour, deparaffimzed, and microwaved at 
5d0 MW in citric acid before incubation with appropriate 
suppressor serum. The cyclin D2 antibody (c-17; Santa Cruz 
Biotechnology, Sanra Cruz. CA) diluted at 1 :50 was incubated 
overnight at 4C. Sections were lightly counterstained with 
autohematoxylin (Dako). dehydrated, cleaned, and mounted. 
Nuclear staining of suprabasal squamous cells of the uterine 
cervix was used as a positive control. Negative controls were 
made by replacing the antibody with phosphate-buffered saline 
(PBS). Positively stained slides were classified into five cate- 
gories according to the intensity and localization, as follows: 
1 = equivocal, 2 = weak cytoplasmic stain of glands, 3 = 
moderate cytoplasmic stain of glands, 4 ~ strong cytoplasmic 



stain of glands, and 5 = strong cytoplasmic stain of both glands 
and stromal cells. Scoring of staining intensity was done by two 
pathologists who were blinded to clinical information. 

Western Blot Analysis 

Endometrial tissues were homogenized and lysed in 0.5 tnL of 
racuoimmunoprecipitation assay buffer (150 niM sodium chlo- 
ride, 1% erhylphcnylpolysrJjylenglycol fNP40j, 0.5% sodium 
deoxycholate, 0.1% sodium dodecyl sulfate |SDS], 50 mM Iris 
pH 8.0) with freshly added 1 mM phenyhnethylsulphonylfluo- 
ride (PMSF, Sigma, St. Louis, MO) for 30 minutes on ice. The 
lysatcs were ccntrifuged at 13,000 ,5 foT 15 minutes at 4C, and 
the supernatant* were stored at — 70C Lqual amounts of total 
protein (30 p.g) were separated by SDS-polyacryiamidc gel 
electrophoresis and then transferred to supported west ran poly- 
vinylidene fluoride (Schleicher cV Schucll, Kcene, NH) by 
applying 100 V for 2 hours with a plate electrode apparatus 
(Mini Trans-Blot Cell; Ilio-Rad, Hercules, CA). The blots 
wer e blocked for 2 hours in Tris-buffered saline (TBST) (0.2 
M sodium chloride, 0.1% Twecn-20, 10 mM Tris pH 7.4) 
containing 5% nonfat dry milk. Subsequently, the blots were 
incubated with antibody against cyclin D2 (c- 17, 1 : 1000; Santa 
Cruz Biotechnology) in TBST, and then the blots were also 
incubated in anti-rabbit immunoglobulin (Ig) G (1:2000; Ani- 
ershain Pharmacia Biotech, Freiburg, Germany) in TBST. The 
blots were washed several times with TBST after each step. The 
bound antibody was detected with an enhanced chenulumines- 
ccncc (ECL) system (Amersham Pharmacia Biotech). The blots 
were stripped with stripping buffer (100 mM |3-rnercaptoeihanol, 
2% h-v/vj SDS, 62.5 mM Tns-HCl pH f>.7) before application of" 
P-actin antibody. The stripped blots were incubated vvith anti- 
body against R-actin (1:2000; for the internal standard, Sigma 
AC-1 5, St. Louis, MO) in the TBST followed by anti-mouse IgG 
(1:2000; Amersham Pharmacia Biotech) in TBST. 

Densitometry 

Gel images were scanned with the Gel Documentation System 
(Gel Doc 1000, Rio-Rad, Hercules, CA), and relative densities 
were analyzed using the Multi-analyst fingerprinting program 
(version 1.1). The relative densities of the bauds were ex- 
pressed as arbitrary absorbance units per area. 

Statistical Analysis 

The statistical analysis for the differences in cyclin D2 staining 
intensity and cyclin D2 mRNA expression among endometria 
of the different menstrual phases was performed using the 
Krusknl-Wallis rest and Mann- Whitney test. The correlation 
between cyclin D2 protein and tnRNA expression was ex- 
pressed by arbitrary units, and the correlation between cyclin 
D2 protein and staining intensity was tested by Spearman's 
correlation analysis. Statistical significance was set at Picss than 
.05. 

RESULTS 

Cyclin D2 mRNA and protein were detected in all endome- 
trium samples. Using specific oligonucleotide primers and an- 
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Figure 3. Imnumohistoclieiiiical localization of cyclin D2 in human endometrium. A) Positive control, nuclear stain of suprabasal squamous 
cells (mows) in uterine cervix; B) negative control; C) weak cytoplasmic stain of glands (maw) in secretory phase endometrium; I)) strong 
cytoplasmic stain of both glands and stromal tells [amnif) in proliferative phase endometrium. 



tibody, cyclin D2 mRNA (489 bp) and protein (34 kDa) bands 
were, obtained by RT-PCR and Western bloc analysis. Wc 
used GAPDH mRNA (452 bp) and (S-actin protein (42 kDa) 
tor normalization of the band intensity, respectively (Figure 1). 

The cyclin D2 expression was weaker in the endometrium 
during the secretory phase compared with the proliferative 
phase (Figure 2A. P < .05). In comparisons among subgroups, 
there were no significant differences in cyclin D2 mRNA 
expression (Figure 2B). The expression pattern of cyclin D2 
protein during the menstrual cycle was similar to that of cyclin 
D2 mRNA; however, the differences were not statistically 
significant (data not shown). 

Immiinohistochenucally, the most intense staining of cyclin 
D2 was noted in the cytoplasm of early proliferative phase 
endometrial glands. Differences in immunohistoehemical pat- 
tern between early and mid to late proliferative phase were 
found in the itnmuiioreactivity of stromal cells. Stromal im- 
munoreactivity was lower in the mid to late proliferative 
phase. The cytoplasm of early and late secretory phase endo- 
metrial glands showed variable immtmoreactivity from equiv- 
ocal to moderate intensities. The mid seerelory phase glands 
showed equivocal cytoplasmic staining pattern. In this study, 
suprabasal squamous cells of die uterine cervix were included 



as a positive internal control and showed moderate nuclear 
staining intensity (Figure 3). 

The staining intensity of cyclin D2 in proliferative phase 
endometrium was higher than that in secretory phase (Figure 
4A, P < .05). When compared among subgroups, there were 
no significant differences except between early proliferative 
phase and mid secretory phase. Cyclin D2 staining intensity 
from early proliferative phase was significantly higher than that 
of mid secretory phase (Figure 4B, P < .05). 

To correct for possible subjective discrepancies in immtino- 
histochernistry reading, we performed Western blotting as a 
supportive method. In Western blot analysis, cyclin D2 protein 
level showed good correlation with iuwmnohistochemical 
staining intensity (R = 0.562, P < .03, Figure 5A). Cyclin D2 
mRNA level also showed good correlation with cyclin D2 
protein level (R = 0.579. P < .03, Figure 5B). 

DISCUSSION 

The best known regulators of Gl progression hi mammalian 
cells are the three D-type cyclins (Dl-3), of which cell con- 
centrations fluctuate characteristically during progression 
through Gl in response to mkogenic stimuli. 2 '* 6 D-type Gl 
cyclins assemble with two major catalytic partners, cdk4 and 
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Figure 4. Comparisons of endometrial cyclin D2 staining intensity 
dining the menstrual cycle. A) Proliferative phase (n — f>) compared 
with secretory phase [n = 9). B) Comparison of subgroups.' Data are 
expressed as mean ± standard error. Abbreviations as in Figures 1 and 
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ctlk6, to form functional holoenzymes chat are differentially 
expressed in proliferating cells. Mitogens activate the transcrip- 
tion of cyclin D genes, inducing the assembly of enzymaticaily 
active cyclin D-cdk complexes thai execute a rate-limiting 
function later in G i phases. 7 Ectopic ovcrcxprcssion of D-typc 
cyclins bypasses the inductive effects of mitogens on cyclin D 
gene expression, shortening the Gl phase and reducing the 
growth factor dependency of cells. 8 

We found that cyclin D2 mRNA and protein were ex- 
pressed in the human endometrium at high levels in the 
proliferative phase and at significantly lower levels in the. 
secretory phase. In ovary, cyclin D2 mRNA and protein were 
expressed at high levels in granulosa cells of preovulatory 
follicles of hypophysectomized rats treated with estradiol and 
FSH. When hypophyscctomized rats treated with estradiol and 
FSH were, injected with hCG, cyclin 02 expression was 
downregulated within 4 hours and remained low throughout 
lutc■inizatio^. < '~ , 1 More recently, we showed that the cyclin 
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Figure 5. Correlation analysis. A) Cyclin D2 protein and staining 
intensity. B) Cyclin V2 mRNA and protein. R. = Spearman corre- 
lation coefficient. 

D2 mRNA expression pattern in human luteinized granulosa 
cells was positively correlated with scrum estradiol levels.' 1 But 
in that study, unexpectedly, the greatest cyclin D2 activity was 
detected in the early proliferative phase as opposed to the mid 
to late proliferative phase, in which estrogen was dominant. 

According to the nucleotide; sequence of the upstream re- 
gion of the human cyclin D2 gene, the promoter of the cyclin 
D2 gene lacks the estrogeti response element (ERE) and other 
steroid hormone response elements, but it has an activator 
protein (AP)-l transcription factor. 12 Therefore, there might 
he a modification of sex steroid hormone action through the 
AP-1 transcription factor according to tissue type. Although 
we could not completely explain this unexpected result be- 
cause of small number of samples and possible individual 
variation, there might have been tissue-specific cyclin D2 
regulation through AP-1 which might differ from that of the 
ERE. 

hi iuiiiiunohist.odiemic.il staining, the cyciin D2 antibody 
used in this study (c-17) might cross react with cyclin Dl. 
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Although, according to Shiozawa ct al. M only a few nuclei 
showed positive staining for cyclin Ol in the proliferative 
phase endometrium, tlie cross reactivity and high concentra- 
tion of c yclin D2 antibody did not seem to affect the results of 
this study. Western blot analysis also supported the immuno- 
histocheniical results. 

In summary, our preliminary data showed that cyclin D2 is 
expressed in human endometrium throughout the menstrual 
cycle. And cyclin D2 mRNA and protein are expressed in the 
human endometrium at high levels in proliferative phase and 
decreased significantly in secretory phase. 
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Abstract Background: Human chorionic gonadotrophin 
beta (hCG/J) is expressed in several non-trophoblastic 
tumours, and this is usually associated with aggressive 
behaviour. Little is known about hCG/J expression in 
Barrett's adenocarcinoma. Materials and methods: We 
determined the hCG/J profile in a large series of surgically 
resected Barrett's adenocarcinoma (a) at mRNA level us- 
ing red-time quantitative reverse-transcription polymerase 
chain reaction analysis and (b) at protein level using im- 
munohistochemistry with a polyclonal antibody and with 
a monoclonal antibody specific for free hCG/i. We then 
sought links between the hCG/J protein expression pattern 
and clinical and pathological parameters, including patient 
outcome 3S well as vascular endothelial growth factor 
(VEOF) expression. Results: hCG/J protein expression was 
observed in 43 of 76 (57%) Barrett's adenocarcinomas. We 
showed a strong correlation between hCGP protein abun- 
dance and CGB mRNA level. We observed a statistical 
link between hCG/J protein expression and infiltrative 
tumour type (A=f).Q23), perineural neoplastic invasion 
(P= 0.007) and VEGF protein expression (7>0.016). hCG/? 
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expression tended to be associated with a poor out- 
come (16% versus 36% survival 8 years after resection). 
Conclusion: Expression of hCG/J correlates with specific 
infiltrative characteristics and is associated with higher 
VEGF expression. Both molecules may play a co-ordinated 
role in the development of Barrett's adenocarcinomas. 

Keywords Barrett's adenocarcinoma • hCG/f ■ Immuno- 
histochemistry ■ Real-time quantitative. RT-PCR • VEGF 



Introduction 

In the last decade, the incidence of oesophageal adeno- 
carcinoma, developing almost exclusively in columnar- 
lined Barren's oesophagus, has been steadily increasing 
[13]. These adenocarcinomas, most frequently diagnosed 
in elderly white men, have a poor prognosis, since me- 
tastases are often present at the time of diagnosis. Treat- 
ment is based on radical surgery, and tumour node me- 
tastasis (TNM) stage is the most important prognostic 
faclor 1 8, 34). However, the outcome is variable within a 
given stage, and response to therapy cannot be predicted 
on that base. 

Human chorionic gonadotrophin f) subunit (hCG/J) is a 
significant indicator of malignant transformation [1, 2]. It 
is not only detected in trophoblastic neoplasms [31, but 
also in carcinomas of breast [7], bladder [24], gynaeco- 
logical [17], prostatic [36] and gastrointestinal origin [11, 
12, 25, 42], Its expression has been demonstrated to 
correlate with a more aggressive behaviour and a higher 
rate of metastasis in such tumours |7, 18, 36]. factors that 
regulate hCG/2 expression during malignancy arc poorly 
known. However, it has been shown, mainly in the ovary, 
that vascular endothelial growth factor (VEGF) expres- 
sion increases following gonadotrophin stimulation in 
vivo and in vitro [22, 31 1. To date, no study concerning 
the expression of nCG/f has been reported in Barrett's 
adenocarcinomas. 

The aims of our study were to examine the expression 
of hCG/J using immunohistochemistry and reverse-tran- 
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scription polymerase chain reaction (RT-PCR) analysis in 
a large surgical series of Barrett's adenocarcinoma, to 
compare hCG/3 and VEGF expression and to correlate 
these results with clinico-pathological data and prognosis. 



Materials and methods 



Patients 



A total of 76 patients with Barrett's adenocarcinoma underwent 
potentially curative surgical resection at Beaujon Hospital between 
1976 and 1997. The paiicnis were 73 men and 3 women, with a 
mean age of 62.2=12.9 years (range 19-84 years). None of the- 
patients had neoadjuvant chemotherapy or radiation therapy before 
surgery. The medical history of each patient was collected. 



Tumour samples 

Surgical specimens were received fresh; fixed in 10% neutral for- 
malin and embedded in paraffin wax. .Samples for real-lime RT- 
PCR analysis were, immediately after surgery, snap-frozen in liquid 

nitrogen and Moral at -70°C until RNA cxlrnclion. 

Tn all paiicnis, the tumour was classified as an adenocarcinoma 
developed in Barrett's oesophagus by preoperative endoscopy and 
macroscopic examination of the .surgical specimen: the tumour was 
regarded as having developed in Barren's oesophagus when spe- 
cialised metaplastic mucosa was observed between the tumour and 
the squamous oesophageal mucosa or the gastric mucosa. Samples 
of adenocarcinoma (76 cases) and Barrett's mucosa around the 
tumour (negative for dysplasia in 15 cases or with high-grade 
dysplasia in 15 cases) were selected for immunohislochcmislry. For 
each tumour, the following features were recorded: tumour differ- 
entiation, depth of infiltration, perineural neoplastic invasion, vas- 
cular invasion, regional lymph-node mciaslasis, distant metastasis, 
pTNM (pathological TNM) stage according to the Union Interna- 
tionale de Lutle Conlre le Cancer, stage according to Ihe Rosen- 
berg's classification and tumour type in Lauren's and Ming's 
classifications of gastric adenocarcinoma 123, 29. 35. 40]. 



Immunohistochcmistry 

lmmunohistochcmistry was performed on formalin-fixed, paraftin- 
wax-embedded sections using a three-step indirect method for the 
monoclonal antibody free hCG/J (clone FBT1 1, kind gift from J-M 
Bidart. lnstitut Custave Roussy, Villejuif, France) and a peroxidase 
ami-peroxidase method Tor polyclonal antibody [27] (hCG/3, 
polyclonal, Dako, Gkisirup, Denmark). The VEGF staining had 
been previously reported in this series II4J. Sections 3 fim diick 
were cut from paraffin-embedded tissue, dried at 37°C, deparaf- 
finised. heated in a microwave oven (3x5 min) in buffered cilraie 
(citric acid and sodium citrate, pH 6.2) and treated with 0.1% hy- 
drogen peroxide in methanol for 30 min. Aflcr staining with Ihe 
three-step indirect or peroxidase anti-peroxidase method, the colour 
reaction was developed by adding 3'3-diamii>obeitt;idme (Sigma, 
Saini Queniin Pallavicr, France) in Tris-buffcrcd saline (TBS) 
containing 0.05% hydrogen peroxide for 10 min. Sections were 
then COunterstaiiied with haemaloxylin, dehydrated and mounted 
with permoum. Negative control slides were obtained by omitting 
the primary antibody, replaced by TBS. Normal placental tissue 
was used as an external positive control Tor hCG/J. 

hCG/3 staining was scored scmi-quantitatively for monoclonal 
and polyclonal antibodies. It was reported from 0 to 4 as follows: 0 
negative (no cell positively), | occasional (some isolated positive 
cells arc identified), 2 focal (rare clusters of positive cells arc de- 
tected), 3 moderate (some clusters of positive cells are detected) 
and 4 diffuse (isolated and clusters of positive cells found in most 
ureas of the tumour). 



hCGB mRNA expression by real-time RT-PCR 

Frozen tissue samples of 1 5 of Die 76 Barrett's adenocarcinomas 
tested using immunohislochcmislry were used for real-lime RT- 
PCR analysis. Real-time quantitative RT-PCR using the ABI Prism 
7700 Sequence Detection System (Perkin-Elmer Applied Biosys- 
lems) was performed according lo 11 previously described rnelhcxl 
(7], Briefly, total RNA extracted from frozen Barren's adenocar- 
cinoma tissues was reverse-transcril>ed before real-lime 1*CR am- 
plification. Quantitative values were obtained front the threshold 
cycle (CO number at which the increase in the signal associated 
with exponential growth of PCR products begins to be detected 
using PR Riosystcms analysis soflwure, according to the manu- 
facturer's manuals. The precise amount of total RNA added to each 
reaction mix (based on optical density) and its quality (i.e. lack of 
extensive degradation) arc both difficult to assess. We. therefore 
also quantified transcripts of the TBP gene coding for the TATA 
box-binding protein (a component of the DNA-binding protein 
complex TFTTD) us (he endogenous RNA control, and each sample 
was normalised on the basis of its TBP content. 

Results, expressed as N-I'old differences in CCB gene expres- 
sion relative in Ihe TBP ijcnc, termed "NCG/J", were determined by 
the formula: HCCB=2^""" vh \ where ACt value of the sample was 
determined by subtracting the average Ct value of the CCB gene 
from (he average C( value of the TBP gene. 

The NCCB values of the samples were subsequently normalised 
such dial the NC(7ft value to the tumour sample among our tested 
scries that contained the smallest amount of CGfi mRNA would 
.equal a value of 1. 

The nucleotide sequences of the primers used for PCR am- 
plification were the following: CGB-U <S'-GCTACTGCCCCAC- 
CATCACC-3'). CGB-L (5'-ATGGACTCGAAGCGCACATC-3') 
and TaqMan fluorogenic probe CGB-P (S'-CCTGCCTCAGGT- 
GCTGTGCAACTACC-3',), with a CGB-spccifie product size 
of 94 bp, and TBP-U (5'-CACGAACCACGGCACTCATT-3'). 
TBP-L (5'-TTTTCTTGCTGCCAGTCTGGAC-3') and TaqMan 
fluorogenic probe TBP-P (S'.TGTGCACAGGAGCCAAGAGTG. 
AAGA-3'), with a TAP-specific product size or 89 bp. 

PCR was performed using the TaqMan PCR Core Reagents kit 
(Pcrkin-tilmer Applied Biosystems). The thermal cycling condi- 
tions comprised an initial denaturation step at 95"C for 10 min and 
50 cycles at 95"C for 15 s and fi5 c C for 1 min. Experiments were 
performed with duplicates for each data point. 



Statistical analysis 

Qualitative data were compared using the chi square test with Yates 
correction when appropriate. Quantitative data were expressed as 
mcanaSEM and compared by the non-parametric Mann-Whiincy or 
Kruskal-Wallis tests. Survival rates were calculated by the Kaplan 
Meier mediod using die dale of surgery as lite starling poini and 
compared by the log-rank test (20, 33], All deaths were considered, 
including the postoperative deaths. The follow-up period ranged 
fmm 0-9 months to 189 months, with a mean of 36.7 months. At the 
time of analysis. 17 patients (22%) were alive, with a mean follow 
up of 93.5 mondts (range 41.1 months to 189.4 months). A two- 
tailed P value <0-05 was considered lo indicate statistical .signifi- 
cance. 



Results 

Immunohislochcmislry 
hCGfi expression 

Staining pattern. hCG/J expression was detected in 57% 
(43/76) of ihe lumour samples and ranged from score 0 to 
score 4. No posiliviiy was demonstrated in the normal or 
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metaplastic mucosa. All positive cases showed Ihc same 
cytoplasmic staining pattern. The pattern of expression of 
the monoclonal antibody recognising the free beta subunit 
of hCG was similar to that observed with the polyclonal 
antibody. The iwo antibodies detected the same group of 
cells in ihc same areas of tumours; however, the mono- 
clonal antibody stained less cells than the polyclonal one. 
hCG/i-positive cells were, for both antibodies, predomi- 
nantly observed in deep infiltrative areas and in perineural 
neoplastic invasion (Fig. la, b). Often, hCG/J expression 
was detected in the same cells that showed immunore- 
activily for VEGF, as shown in serial sections (Fig. lc, d). 

Correlation with pathological findings. The 76 patients 
were dichotomised into two subgroups: 43 patients with 
hCG/9 expression (score>0) and 33 patients without hCG/? 
expression (score 0). A statistically significant relation- 
ship was observed between hCG/J expression and peri- 
neural neoplastic invasion (P=0.0O7) and infiltrative 
carcinomas according to Ming's classification (/ J =0.023). 
There was also a tendency between hCG/8 immunoreac- 
livily and tumour extension, with a higher rate of pT4 
tumours (P=0.062), and pTNM sUige-III and -IV cancers 
(P=0.0S(>). There was no significant difference between 
the hCG/J-positive and -negative tumours regarding the 
other pathological features: tumour differentiation, vas- 
cular invasion, Lauren's classification, lymph-node status, 
distant metastasis, TNM and Rosenberg classifications 
(Table 1). Univariate analysis did not show a significant 
relationship between hCG/? expression and suivival, al- 
though patients with hCG/J-positive tumours tended to 
have a worse prognosis, with 5-ycar and 8-ycar survival 
rates of 20% and 16% versus 39% and 36% (Fig. 2). 



Relationship between hCG/J expression status 
and VEGF expression status 

The 76 tumours studied for hCG/J expression had pre- 
viously been tested for VEGF expression. The VEGF 
staining had been scored semi-quanlilativcly, and scores 
ranged from J to I). [14], The 76 patients were di- 
chotomised into two groups: 64 patients with high VEGF 
expression (score greater than 3) and 12 patients with low 
VEGF expression (score 1-3). We found a significant 



Fig. 1 Expression of vascular endothelial growth factor (VEGF) 
and human chorionic gonadotropin beta (hCG/T) using immuno- 
hislochemislry. a hCG/J is strongly deluded in invasive tumoral 
cells situated in the most infiltrating and deeper areas (arrows). 
lmmunoperoxida.se with nuclear counterstain using Mayer's hae- 
matoxyljn. b hCG/? expression in a Barrett's adenocarcinoma with 
neoplastic perineural invasion showing a strong cytoplasmic stain- 
ing pattern. N nerve section. Itnmunoperoxidase with nuclear 
counicrsiain using Mayer's hacmmoxylin. c and d VTiOF (a) and 
hCG/? (b) expression in seriated sections demonstrating a strong 
cytoplasmic staining in the same glandular territories (arrows) of 
Ihis wcll-diffcrcnlialcd Barren's adenocarcinoma. Tmmunoperoxi- 
dasc with nuclear countcrstain by Mayer's hacmatoxylin 
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Table 1 Relationship between human chorionic gonadotropin 
beta (hCG/f) expression and clinico-patholngical data. All results 
arc expressed as percentages except for age (years) 





hCG/? 

positive 

(»t=43) 


hCC0 

negative 

(«=33) 


P value 


Age (years) 


01.5*14.6 


65.4±9.9 


0.191 


Tumour differentiation 






0.215 


Well and moderate 


79 


67 




Poor 




33 




Vascular invasion 


84 


73 


0.246 


Perineural invasion 


67 


36 


0.007 


Ming classification 






0.023 


Expanding 


47 


75 




Infiltrative 


53 


25 




Lauren classification 






0.374 


Intestinal 


79 


H3 




Diffuse 


21 


27 




Tumour infiltration 






0.062 


pTI. pT2, pT3 


5 ft 


76 




pT4 


44 


24 




Regional lymph node 


65 


55 


0.350 


invasion (Nl) 








Disuinl metastasis (Ml) 


12 


12 


0.947 


TNM stage 






0.086 


Stage i-iiA-rm 


35 


55 




Stage HT-IV 


65 


45 




Rosenberg classifica- 






0.31 1 


tion 








Stage i-n 


26 


36 




Stage M-IV 


74 


64 




VF.GF expression 


95 


75 


0.016 


Survival 






0.252 


2 years 


37.2±7.4 


45.5±R.7 




5 years 


20.326.3 


39.4i8.5 




8 years 


16.326.2 


36.1*8.4 





positive relationship between hCG/J and VEGF expres- 
sion (P=Q.(Ae, Table 1). 



RT-PCn analysis 

CGB mRNA levels were analysed in 15 oases of the 
78 Barrett's adenocarcinomas. Large differences in the 
amount of CGB mRNA were observed (NCCfl from 1 to 
118) in the 15 Barrett's adenocarcinomas. To better study 
the link between CGB mRNA level and liCG/? immu.no- 
histochemistry status, the 15 tumours were subdivided 
into three groups (6, 6 and 3 tumours, respectively), with 
tumours with negative (score 0), occasional or focal 
(score 1 to 3) and diffuse (scored 4) hCG/J immunore- 
activity status. We observed a significant link between 
CGB mRNA level and hCG/3 immunohislnchemistry 
status (Table 2; Kruskal-Wallis test, P=().()23). Surpris- 
ingly, one tumour (T6) with high CGB mRNA level was 
hCG/i inimunoreiictive negative. However, tumour sam- 
pling was different in frozen and formalin-fixed tissue. 
This could be explained by the heterogeneous hCG/J 
immunoslaining in most tumours. 




0 t 234567 B 

Tim? (year?) 



Fig. 2 Kaplan Meier survival curves according to human chorionic 
gonadotropin beta expression for positive cases (»<=43) and neg- 
ative cases (;r=33) 



Table 2 Correlation between human chorionic gonudolnjphin beta 
(hCG/!) subunit protein and CGB mRNA levels in Barrett's ade- 
nocarcinomas 

Samples lmmunohistochcmistry* RT-PCR 

(staining score) (NCGB value) 



Negalive hCG/? immunorcactmty (scorc^O) 



Tl 0 


1 


T2 


0 


1.2 


T3 


0 


1.3 


T4 


0 


2.2 


T5 


0 


4.3 


T6 


0 


9.2 


Median 




1.7 


Occasional or focal hCGS imnmnoreactivity (score=l or 2) 


T7 


1 


2.t 


T8 


I 


4.0 


T9 


2 


4.0 


T10 


1 


5.1 


Til 


1 


6.6 


T|2 


2 


14.9 


Median 




4.5 


Diffuse hCGB iitmiuitoreactivity (score=4) 




TI3 


4 


10.1 


T14 


4 


11.4 


TI5 


4 


118.0 


Median 




11.4 



* Tile staining score values (determined as described in Materials 
and methods) indicated in this column were obtained with the 
polyclonal antibody: identical staining scores were obtained by 
using the monoclonal antibody (PT3TI I) 



Discussion 

We demonstrated, in this series of Barrett's adenocarci- 
nomas, that hCG/J expression was related to infiltrative 
tumours, high VEGF expression and tended to be asso- 
ciated with a poor outcome. hCG0 is a significant indi- 
cator of malignant transformation. It is not only detected 
in trophoblastic neoplasms for which it represents a 
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valuable tumour marker |3|, but also in non-iroph.ohlu.siic 
tumours, including carcinomas of breast, urinary bladder, 
gynaecological, prostatic and colonic origin [5, 7, 1 1, 12, 
17, 24, 36, 42]. The role of hCG/* in the development of 
oesophage.il adenocarcinoma has never been studied. In 
this work, we first evaluated the expression of hCG/3 in 
Barrett' s-rclatcd adenocarcinomas using immunohislo- 
chemistry with a polyclonal antibody that recognised 
antigenic regions of the hCG/J protein normally present in 
trophoblastic cells, as previously used in several studies 
[5, 26, 42]. However, this polyclonal antibody is not 
specific and cross-reacts with the beta subunit of hu- 
man luteinizing hormone (LH). In addition, wc therefore 
comparatively studied the expression of the monoclonal 
antibody specific for the free beta subunit of hCG 
specifically expressed by tumour tissues [6], The immu- 
nostaining obtained by both antibodies showed similar 
cellular distribution in all 76 Barrett's adenocarcinomas 
tested. The two antibodies recognised the same group of 
cells in the same areas of tumours. We detected with the 
two antibodies the presence of hCG/? in 57% of Barrett's 
adenocarcinomas. The incidence of expression of hCG/? 
is similar to that reported in other immunohislochcmical 
Studies, in colonic and prostatic adenocarei nomas [II, 12, 
36, 42J. Moreover, we showed that hQQfl expression was 
associated with an infiltrative tumour pattern (/ > =0.023) 
and with perineural neoplastic invasion (/>=0.007). Our 
results also showed a tendency for a poor outcome asso- 
ciated with hCG/J expression in Barrett's adenocarcino- 
ma, although it was not significant. Despite the absence of 
a significant association with standard prognostic pa- 
rameters (such as tumour size, pTNM stage or presence of 
metastasis), expression of hCG/5 probably reflects ag- 
gressive behaviour of Barrett's adenocarcinomas. These 
results are in accordance with previous studies in some 
other malignancies showing that h.CG/7 production, eval- 
uated boLh at the RNA |7] and at the protein levels [15, 
36, 42J, is correlated with an unfavourable prognosis. 
Some recent studies also pointed out the interest of the. 
hCG/3 serum level as an independent prognostic variable 
in renal carcinoma [18] and gastrointestinal malignancies 
|25|. We interestingly found that hCG/J immunorcactivity 
was preferentially localised into the deeper invasive areas 
and around infiltrated nerves. This supports some previ- 
ous studies suggesting that hCG/J may act as a growth 
factor with characteristics similar to nerve, platelet-de- 
rived and /3-lransforming growth factors |28|. 

We demonstrated a significant positive correlation 
between hCG/? and VEGF expression. Tumour cells that 
expressed hCG/3 often showed immunorcactivity for 
VEGF, and the two markers were often co-localised in the 
same tumours. Our results show a positive link between 
hCG/J and VEGF expression in Barrett's adenocarcinoma, 
in agreement with previous studies in other cancers. 
VEGF is one of the most potent known tumour angio- 
genic factors |y, 10, 19, 21, 30, 32, 37, 38 1. 

In vitro and in vivo experiments have shown that in the 
ovary, VEGF is chorionic gonadotropin dependent [22, 
31, 4J], hCG/if may play a significant role in tumour 
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progression through upregulation of VEGF. Another 
possible pathway could involve the regulation of VEGF 
and hCG/3 by the same factors. It is noteworthy that 
hypoxia influences the secretion of both of these mole- 
cules in trophoblastic-derived cell lines [39]. The above 
correlates well with the fact that placental cells have an- 
giogenic and invasive properties, which are also charac- 
teristic features of malignant cells. 

The significance of hCG/? production by mm-lropho- 
blastic rumours is still under investigation. Whereas the a 
subunit of hCG is encoded by a single gene (CGA) 
present on chromosome 6, the ji subunit is potentially 
encoded by at least four genes (CGB 7, 3, 5 and 8), lo- 
cated in a cluster on chromosome 19ql3.3 and physically 
linked to the LHB gene. Bellet et al. have shown that 
malignant transformation of non-trophoblastic cells was 
associated with the emergence of the three hCG/J genes 
normally transcribed at a high level in the placenta 
("trophoblastic" CGB 3, 5 and 8) |4|. In breast cancer, 
the detection of these "trophoblastic" CGB genes is of 
prognostic significance [7]. Moreover, the emergence of 
these "trophoblastic" CGB genes in breast cancer is 
accompanied by an increase of the total CGB steady- 
state mRNA level [16]. In the present study, we report a 
strong correlation between CGB mRNA copy numbers 
and hCG/? protein abundance, suggesting that this gene is 
mainly dysregulatcd at the transcriptional level and points 
out a role of hCG/J in Barren's adenocarcinoma tumori- 
genesis. 

In conclusion, hCG/J and VEGF play a co-ordinated 
role in the lumorigenesis of Barrett's adenocarcinomas 
through their angiogenic and invasive properties. Our 
results may give new insights into the mechanisms of 
hCG/? regulation. 
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Dagenais, Andre, Rosalie Frechette, Yuko Yamagata, 
jToshiyuki Yamagata, Jean-Francois Carmel, Marie-Eve Cler- 
imont, Emmanuelle Brochiero, Chantal Masse, and Yves Berthia- 
ume. Downregulalion of ENaC activity and expression by TNF-a in 
alveolar epithelial cells. Am J Physiol Lung Cell. Mol Physiol 286: 
:'L30 1-1,311, 2004. First published September 26, 2003; 10.1152/ 
•ajplung.00326.2002.— Sodium absorption by an amiloride-sensitive 
channel is the main driving force of lung liquid clearance at birth and 
lung edema clearance in adulthood. In this study, we tested whether 
tumor necrosis facior-a (TNF-a), a proinflammatory cytokine in- 
volved in several lung pathologies, could modulate sodium absorption 
•in cultured alveolar epithelial cells. We found that TNF-a decreased 
the expression of the and -y-subunits of epithelial sodium 

channel (ENaC) mRNA to 36, 43, and 16% of the controls after 24-h 
itreatmenl and reduced to 50% the amount of a-ENaC protein in these 
cells. There was no impact, however, on oti and pi Na ' -K" -ATPase 
■niRN A expression. Amiloride-sensitive current and ouabain-sensitive 
Rh ' uptake were reduced, respectively," lo 28 and 39% of the controls. 
;A strong correlation was found at different TNF-a concentrations 
between the decrease of amiloride-sensitive current and a-ENaC 
mJRNA expression. All these data show that TNF-a, a proinflamma- 
tory cytokine present during lung infection, has a profound influence 
on the capacity of alveolar epithelial cells to transport sodium. 

|||isodium ion channel; transepithelial current; cytokine; inflammation 
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: sodium adsorption by an amiloride-sensitive channel is the 
;.main driving force of lung liquid clearance at birth and lung 
iedema clearance in adulthood. Vectorial diffusion of Na + from 
the epithelial sodium channel (ENaC) at the apical surface of 
jiung epithelial cells and its extrusion by Na + -K + -ATPase 
.located at the basolateral side create osmotic pressure that 
drives water from the alveoli to the imerstitium (48). Although 
several Na * channels and Na + cotransporters are expressed in 
H; alveolar epithelial cells (46), ENaC is probably the main 
channel involved in lung liquid clearance. It is a multimeric 
channel composed of three related subunits (u, 3, and y) (10, 
11) that are expressed in the lung from alveoli to the nasal 
epithelium (9, 26, 47). The importance of ENaC in lung, liquid 
clearance has been demonstrated in the mouse, where inacli- 
vation of the u-subunit by transgenc targeting produces a lethal 
phenotypc. These knockout mice die shortly after birth, unable 
to clear liquid from their lungs (35). In humans, dysregulalion 
of ENaC activity has been associated with lung infection. This 
is the case in pseudohypoaidosteronism, a rare, recessive ge- 
netic disease caused by mutations that inactivate ENaC (13). 
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Although the disease rarely leads to lung edema (45), liquid 
volume is increased in the airways (38), and frequent lung 
infections in early childhood have heen reported among these 
patients (1, 33, 38). In cystic fibrosis, the absence of ENaC 
downregulation by CFTR is believed to be involved in chronic 
lung infection with Pxeudomonas, a hallmark of the disease 
(20). Several lines of evidence suggest that bacterial (25, 41) 
and viral infections (40) modulate the amiloride-sensitive Na + 
transport in lung epithelial cells. In vitro, conditioned medium 
from LPS-activated macrophages leads to a decrease in amilo- 
ride-sensitive current in fetal distal lung epithelial cells ( 1 5, 22, 
23) via a nitric oxide-dependent mechanism (15, 23). 

Tumor necrosis factor-a (TNF-a) is a proinflammatory cy- 
tokine that plays an important role in the activation of host 
defense by promoting the production of a wide spectrum of 
cytokines (IL-1, IL-6, granulocyte-monocyte colony-stimulat- 
ing factor, IL-8) in the inflammatory process (27, 63). Al- 
though the main sources of TNF-a in the lungs are the 
monocytes and macrophages, alveolar epithelial cells have 
been found recently to release TNF-a upon stimulation with 
LPS (50). TNF-a exerts a vital function in protecting the lung 
against Psemlomonas infection in the mouse (31). High or 
chronic TNF-a expression can be associated, however, with 
pulmonary dysfunction. An elevated TNF-a level has been 
detecled in bronchoalveolar lavage (BAL) of patients with 
acute respiratory distress syndrome (ARDS) (62), and TNF-ct 
injection can lead to septic shock symptoms with respiratory 
distress and lung edema (66). 

By stimulating the ubiquitous receptors TNFRI or TNFR1I, 
TNF-a can elicit a wide spectrum of cellular responses, rang- 
ing from apoptosis to activation of gene expression by nuclear 
mobilization of transcription factors, such as NF-kB or c-jun 
(42, 63). In the lung, TNFRI mediates signaling between the 
alveolar space arid the endothelium upon TNF-a infusion in 
alveoli (39). Several studies suggest that TNF-a modulates 
liquid transport in the alveolus. It has been found to alter 
alveolar liquid clearance in bacterial pneumonia (58) and in 
septic peritonitis (6). Direct instillation of TNF-a in the lung 
also affects lung liquid clearance (28). Although TNF-a has 
been shown to downregulate the steady-state mRNA level of 
some ionic channels such as the CFTR (52), nothing is known 
about its impact on sodium transport expression and activity in 
alveolar epithelial cells. 

Because TNF-a is a major cytokine produced during lung 
infection, we tested the hypothesis that it could modulate Na + 
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DOWNRECillLATION OK KNaC BY TNF-a IN ALVEOLAR EPITHELIAL CELLS 



transport in alveolar epithelial cells isolated from the rat lung. 
We found that TNF-a decreases amiloridc-scnsitive current as 
well as the steady-state mRNA and protein levels of ENaC in 
adult alveolar epithelial cells. 

MATERIALS AND METHODS 

Alveolar epithelial cell isolation and experimental conditions. 
Alveolar epithelial cells were isolated from male Sprague-Dawley rats 
as described previously and according to a procedure approved by the 
animal care and use committee of the institution (18). Perfused lungs 
were digested with elastase, and (he cells purified by a differential 
adherence technique on bactcriologic plastic plalcs coated with ral 
IgG (18). The cells were maintained in minimum essential medium 
(Invitrogcn, Burlington, Ontario, Canada) containing 10% fetal bo- 
vine scrum (G1BCO, Invitrogcn), 0.08 mg/l gentamicin. 0.2% 
NaHC0 3 , 0.0) M HEPES, and 2 mM L-glutamine. Fur the first 3 days, 
the medium was also supplemented with' 3 u.g/ml trimethoprime and 
17 |jug/iiil sulfamethoxazole. The cells were plated at 4 x HP 
cells/cm-' density in 25-cm 2 plastic flasks or at 1 X 10* cells/cm 2 on 
polycarbonate fillers and cultured at 37°C with 5% CO?, in a humid- 
ified incubator. The medium was replaced every 2-3 days. 

Northern blotting. To study the influence of TNF-a on the steady- 
state mRNA level for ENaC and Na*-K*-ATPase subiuiits. we 
ueated alveolar epithelial cells cultured for 3 days with 100 ng/ml of 
recombinant mouse TNF-a (Caibiochcm, La Jolla, CA) for 4, 6, 8, or 
24 h. Total mRNA was isolated and quantified by Northern blotting. 
Total RNA from alveolar epithelial cells was extracted by a modifi- 
cation of the guanidinium-phenol technique (19). For Northern blot- 
ting, 10 jig of total RNA_were electrophoresed on 1% agarose- 
formaldchyde gel and transferred to GeneScreen nylon membranes 
(NEN, Boston, MA) after overnight blotting with 10X SSC. Hybrid- 
ization was performed, as reported previously, in Church buffer [0.5 
M sodium phosphate, pH 7.2, 7% SDS (wt/vol), I mM EDTA, pH 8] 
(19). The nylon membranes were hybridized successively with dif- 
ferent cDNA probes («-, p-. and - r -BNaC;'ai and p, Na'-K'- 
ATPasc; 18S rRNA). ot-ENaC mRNA was detected with a 764-bp 
mouse a-ENaC cDNA probe (His445 to the stop codon), which has 
high homology with rat a-ENaC cDNA (19). B- and 7-ENaC mRNAs 
were detected with the complete cDNA clone, a gift from Dr. B. C. 
Rossier (Institut de pharmacologic et de toxicologic Universitd de 
Lausanne, Switzerland). The oti and p, Na 1 -K ' -ATPase probes were 
gills from Dr. J. Orlowski (Physiology Department, McGill Univer- 
sity, Montreal. Quebec, Canada). The c*i Na + -K + -ATPase probe 
consisted of a Nar]-Stu\ 332-bp cDNA fragment coding from nt 89 to 
421 (from the 5 '-untranslated region to Arg61). The Pi Na + -K + - 
ATPase probe consisted of a Ncol-Ss/A 750-bp cDNA fragment, 
which encompasses the entire coding region (70). The RNA loaded on 
each lane was normalized to 18S rRNA and detected by fluorescence 
scanning of the gels after staining with SYBR green II (Molecular 
Probes, Eugene. OR) and before blotting RNA on nylon membrane. 
The SYBR green-stained gels as well as die Northern blots were 
scanned and analyzed with a Typhoon Phosphorlmager (Molecular 
Dynamics, Sunnyvale, CA). For the actinomycin D scries, the blots 
were hybridized with an 18S rRNA probe as reported previously (18). 
mRNA expression was always compared with matched, untreated 
cells for each time period of the study. For reproducibility and 
statistical reasons. Northern blotting was repeated several times with 
RNA extracted from cells isolated from different rats. At least three 
animals (n = 3) were used for each time point. 

Actinomycin D treatment and a-ENaC mRNA stability. To inves- 
tigate the importance of transcription in the modulation of a-F.NaC 
mRNA by TNF-a, we cultured alveolar epithelial cells for 3 days and . 
treated them for 6 h widi 5 n-g/ml actinomycin D, an inhibitor of 
transcription, in the presence or absence of 100 ng/ml TNF-a. 
u-ENaC mRNA expression was studied by Northern blotting as slated 



above. The experiment was repeated three times with cells purified 
from different rats. 

To assess «-ENaC mRNA stability after TNF-a treatments, alve- 
olar epithelial cells cultured for 3 days were treated or not for 16 h 
with 100 ng/ml TNF-a and incubated thereafter with 5 n-g/ml actino- 
mycin D for 0, 4, 6. 8, 10, or 12 h. Total RNA was extracted, and the 
amount of a-ENaC was quantified by Northern blotting as above. 

We.itern blotting. Alveolar epithelial cells were cultured in 25-cm 2 
flasks for 3 days and treated for. 24 h with 100 ng/ml TNF-a. We 
harvested them by scraping the monolayer with a rubber policeman, 
followed by 15-min centrifugation at 2,800 g in PBS. The cell pcllei 
was solubilizcd in 60 p.1 of Ivsatc solution (250 mM sucrose, 10 mM 
Tris-HCl, pH 7.4, 1 mM HOT A, 0.5% vol/vol Triton X-100, 1 mM 
PMSF, and 15 jig/ml. leupeptin) for 30 min on ice. Protein concen- 
tration was evaluated by the Bradford method (8) (Pierce, Rockford, 
IL). Total proteins (50 jig) were subjected to SDS-polyacrylamide gel 
electrophoresis and transferred electrophoretically onto Bio-Nad poly, 
vinylidene difluoride membranes (Hercules, CA). The membranes 
were blocked for 16 h at 4°C with 5% wt/vol skim milk in PBST 
buffer (137 mM NaCI, 2.7 mM KC1, 1.5 mM KH,.P0 4 , 8.1 mM 
Na^l-lPOi, 0.05% vol/vol Tween 20, and 0.02% Thimerosal) before 
incubation in the same buffer for 16 h at 4°C with a 1:1.000 dilution 
of the PA1-920 antibody (Affinity Bioreagent, Golden, CO), an 
affinity-purified antibody directed against the L20rC42 NHi-terminal 
portion of the rat cc-ENaC subunit. After 2 h of incubation at room 
temperature with a 1:4,000 dilution of hiirscradish pcroxidaxc-linked 
secondary antibody (Cell Signaling Technology, Beverly, MA) in 5% 
skim milk-PBST, the bands were detected by enhanced chemilinni- 
nescence (Arnersham Biosciences, Piscataway, NJ) on Kodak X-Kl 
films. For quantification, the X-ray films were scanned on a Hewlett- 
Packard ScanJet, and the bands were quantified by N1H ImageJ 
software. ENaC antibody specificity was tested on 10-u.g cell lysates 
of Madin-Darby canine kidney cells tratisfected will) rat u-ENaC 
tagged with the influenza hemagglutinin (HA) epitope, a gift from Dr. 
D. Rutin (Sick Children's Hospital, Toronto, Ontario, Canada). For 
the detection of the HA-rat o-ENaC construct, the cell lysate was 
tested with an anti-HA mouse monoclonal antibody (clone HA-7) at a 
1:10,000 dilution (Sigma, Oakville, Ontario, Canada) followed by an 
incubation with a 1:4,000 dilution of an unti-mouse IgG antibody 
(Santa Cruz Biotechnology, Santa Cruz, CA) linked to peroxidase.. 
The HA and a-ENaC antibodies detected the same broad band of 
82-96 kDa, the molecular mass expected for glycosylated ENaC (Fig. . 
4) (59). The a-ENaC antibody detected a band at the same molecular 
mass in alveolar epithelial cells. Western blots were repeated seven 
times (n — 7) with lysates extracted from cells purified from different 
rats. 

Electrophysiology. The impact of TNF-a on the electrophysiology 
of alveolar epithelial cells was studied, as reported previously (18), by 
successively recording potential differences (Pd, mV) and trausepi- 
(helial resistance (/? lc , fi-cm 2 ) across the cell monolayers with an . 
epithelial voltohmeter (EVOM; World Precision Instruments, Sara- 
sota, FL). Alveolar cells plated at 1 x 10 6 cells/cm- 1 density on 
polycarbonate membranes (catalog no. 3401, 1.0 cm 2 ; Costar Trans- 
well, Toronto, Ontario, Canada) were cultured for 3 days until they 
formed a tight epithelium. The monolayers were then treated for 24 h 
at the apical and basolateral sides with 100 ng/ml TNF-a. Transepi- 
thelial current across the monolayers was calculated according to the 
following formula: /, t . = Pd/K k .. where l K is transepithelial current" 
generated by the cell monolayer, and R, c is its transepithelial resis- 
tance. To quantify the amount of amiloride-sensiti ve current generated . 
by alveolar cells treated for 24 h with TNF-a, /,„ was measured ; 
successively before aud after 5-min incubation with 1 amiloride 
at 37°C. At this concentration, amiloride is a specific inhibitor of- 
ENaC. At least 1 8 filters (n - 1 8), all coming from different rats, were 
used for these experiments. 

Apical membrane permeabilization by amphotericin B. The apical 
surface of alveolar cells was permeahilized to determine if the d c '' 
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crease in /« evoked by TNF-a aiso involved a reduction in Na*-K' H - 
ATPase activity at the basolateral surface. Cells grown on 24-mni 
Cosuir filters (catalog no. 3412, 4.5 cm 2 ; Costar Trans well) were 
cultivated for 3 days and treated for 24 h with UK) ng/ml TNF as 
above. For short-circuit current (f K ) measurements, filters were 
mourned in the Ussing chamber and bathed on the apical and baso- 
lateral sides with warm physiological buffer (140 inM NaCI, 5 inM 
KC1. 1 mM MgCl 2 , I mM CaCI 2 , 10 mM glucose, and 10 mM TES, 
pH 7.4). / sc was determined with a VCC MC2 voltage clamp amplifier 
(Physiological Instruments, San Diego, CA) linked to a 4sp PowerLub 
data acquisition and analysis system ( ADInslrumenls, Grand Junction, 
CO). When the f x was stabilized, the cell monolayers were treated 
with 10 u,M amiloride on the apical side, to quantify the amiloride- 
sensiiive current in control and TNF-a-treated cells. The cells were 
then treated with 10 u,M amphotericin B added on the apical side of 
the monolayers. 'Phis treatment gradually raised the / sc to reach a 
plateau after —5 min. At that time, the basolateral membrane was 
bathed with 2 mM ouabain in warm physiological solution to inhibit 
Na + -K + -ATPase activity. Amphotericin B and ouabain solution were 
freshly prepared before the experiment. Amphotericin B was diluted 
as a concentrated 20 mM solution in DMSO, whereas ouabain was 
dissolved directly as a 2 mM solution in physiological solution. For 
each condition tested, five filters (n - 5) seeded with cells coming 
from different animals were analyzed in these experiments. 

Dose-dependent modulation of amiloride-sensitive current and 
a^F.NaC mRNA expression by TNF-a in cells cultured on filters. 
Amiloride-sensitive current and a-ENaC niKNA expression were 
measured in alveolar epithelial cells treated with different TNF-a 
concentrations. The celts were cultured on 4-cm 2 Tntnswcll mem- 
branes for RNA extraction. After 3 days of culture, they were treated 

. for 24 h with 0, 5, 1 0, 20, 50, or 1 00 ng/ml TNF-a added to the apical 
and basolateral medium bathing the cell monolayers. The transcpithe- 
lial amiloride-sensitive current generated by the monolayers was 
assessed as described above with (he EVOM. After these measure- 
ments, we isolated total RNA by directly lysing the cells on fillers 

: with Trysol reagent according to the manufacturer's protocol (Invitro- 



ENaC 



aENaC 



—I Ol 



mi- 



pENaC |$|^V 
Y ENaC 
rRNA 18 S 



_ 100- 

i_ 

o 

3 75 
z 

DC 

E 50- 



gen). a-ENaC raRNA expression was examined by semiquantitative 
reverse transcription-polymerasc chain reaction. Total RNA (5 u.g) 
was reverse-transcribed with Moloney murine leukemia virus reverse 
transcriptase (Invitrogen) as reported previously (19). Of die cDNA 
reaction, 1.5 u,l out of 20 p.1 was subjected to PCR amplification with 
Taq polymerase as described elsewhere (19). For a-ENaC amplifica- 
tion, 50 pmol (1 p.M) of the sense primer 5' -GAG CCT GCC TTT 
ATG GAT GA-3' located in exon 5 and 50 pmol (1 u.M) of the 
antisense primer 5'-gag ctt tgc aac tec gtt tc-.V present in exon II were 
used for PCR. For (3-actin cDNA amplification, 12.5 pmol (250 nM) 
of the sense primer 5'-CTA AGG CCA ACC GTG AAA AG located 
in exon 3 and 12.5 pmol (250 nM) of the antisense primer 5'-GCC 
ATC TCT TGC TCG A AG TC-3' present in exon 4 were used. The 
amplification conditions were: 1 min at 94°C for denaturtilion of 
DNA, 2 min at 58°C for annealing of the primers, and 2- min 
incubation at 72°C for elongation. PCR amplifications for a-ENaC 
and (3-actin were done side by side. The reactions wore slopped after 
21 and 20 cycles, respectively, when amplification was still in the 
exponential phase. Fifteen microliters of Ihe reactions were run on 1% 
agarose gel. After electrophoresis, the gels were stained by ethidium 
bromide, and the amplified products were quantified by scanning with 
a Typhoon lluureseenec scanner (Molecular Dynamics). The results 
were reported as percentages of control expression after normalization 
with (he (J-actin signal. The experiments were repeated four times 
0i ~ 4) on alveolar epithelial cells purified from different rats. 

Rubidium uptake assays. Alveolar epithelial cells were cultured for 
3 days in 24-well plates seeded with 3 X 10 5 cells/cm 2 . Rubidium 
(Rb 1 ) uptake was studied as shown previously with some modifica- 
tions (60). Control cells or cells treated for 24 h with 100 ng/ml 
TNF-a were incubated for 30 min at 37°C in medium A (140 mM 
NaCI, 1 mM CaCl 2 , 5 mM KC1, I mM MgCb, 5 mM glucose. 20 mM 
HEPES). The medium was replaced by medium A in the presence or 
absence of 2 mM ouabain, and the cells were incubated for 5 min at 
37°C. An equivalent volume of medium A containing Rb B6 at 0.5 
u.Ci/ml final concentration was then added to the wells. After 15-min 
incubation at 37°C. the Rb 4 uptake was stopped by four votumes of 
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Fig. I. Modulation of a-, (3-, and -y-cpithclial sodium channel 
(ENaC) subunits as well as ai and (3t Na*-K + -ATPase mRNA 
expression by TNF-oc in alveolar epithelial cells. Alveolar 
epithelial cells were cultured for 3 days and treated for 4, 6, 8, 
or 24 h with 100 ng/ml TNF-a. A representative Northern blot 
is shown for the 24-h time point at left, and densitomeirie 
analyses are presented on the right. There is a gradual down- 
regulation of the 3 ENaC subunits compared with time- 
matched, untreated controls, but no significant modulation of a i 
and 3i Na > -K + -ATPase mRNA. The data are presented as 
percentages of expression ± SE relative to time-matched, 
ununited controls. mRNA expression was corrected to 18S 
rRNA detected by SYBR green fluorescence (see MATERIALS 
and mkihoos). There was a statistically significant decrease in 
the level of a -ENaC transcript in TNF-lreated cells at all time 
points studied (P < 0.05). Hor fi- and 7-ENaC transcripts, the 
decrease was significant at the 6-, 8-, and 24-h time points (P ••■ 
0.05). Cells from at least 3 different rats (« = 3) were used for 
each time point. CTRL/Ctrl, control. 



§P'- AJP-Lung Cell Mot Physiol • VOL 286 • FEBRUARY 2004 • www.ajplung.orj; 

.PAGE 4/12 * RCVD AT 5/1 1/2007 10:57:17 PM [Pacific Standard Time] • SVR:SVCS01/1 ■ DNIS:6034 * CSID:(613) 998-3257 • DURATION (mm-SS):12-44 



From (613) 998-3257 Order # 06859446DP05739390 Sat 12 May 2007 01:56:53 AM EDT Page 5 of 12 



L304 



DOWNREGULATION OF ENaC BY TNF-<« IN ALVEOLAR EPITHELIAL CELLS 



150 



2*100 

E 

o 
a 

Z 50 
w 



aENaC 




rRNA 18S mm 



Pie- 2. Nonhem blol and densitometric analysis of the effect of actinomycin 
O (Act D) on liic downregulation of u-ENaC mRNA by TNF in alveolar 
epithelial cells. Act D abrogates the downregulation of ct-ENaC mRNA by 
TNF-ot. Alveolar epithelial cells were cultured for 3 days and treated for 6 h 
with 100 ng/ml TNF-a in the presence or absence of 5 u,g/ml Act D. an 
inhibitor of transcription. The amount of RNA on each lane was corrected for 
the level of I8S rRNA. Ctrl, n = 13; TNF, 10(1 ng/ml TNF : a 6 h, n = 17: Act 
D, 5 u-g/ml Act D, n = 3: Act D + TNF, 100 ng/ml TNF-u I 5 j-g/ml Act 
D 6 h, n = 4. 



medium B (10 mM HEPES, pH 7.4, 100 mM MgCb) chilled at 0°C 
and three successive washings with the same medium. The cells were 
lysed in 1 ml of ly sate solution f 1% SDS (wt/vol), 4 mM EDTAJ, and 
radioactivity was measured with 3 ml of scintillation fluid in a 
fS-counter (TriCarb 1600; Packard Instrument. Downers Grove, IL). 
Protein concentration was estimated by the l^>wry method. Rb + 
uptake was calculated by the following formula: Rb uptake = Ax/a/p, 
wliere Ax is the cpm of the sample, a is the Rb cpm added (total), and 
p is the amount of protein (mg). The experiments were performed 
seven limes (n = 7) on alveolar epithelial cells purified from different 
animals. 

Statistics. The data arc presented hs menns ± SE. Comparisons 
between groups were made by the unpaired West, one group /-test, 
analysis of variance, and post hoc analysis (Fisher paired least 
significant difference) with Statsview software (SAS Institute. Cary, 
NC). A probability of P < 0.05 was considered to be .significant. The 
a-ENaC mRNA decay curves, amiloride-sensitive current, and 
a-ENaC mRNA expression after TNF-a treatment were compared by 
multiple regression analysis. 

RESULTS 

Modulation of ENaC mRNA expression by TNF-a. The a-, 
P-, and 7-ENaC subunits of ENaC as well as the a, and f3i 
subunits of Na + -K + -ATPase are highly expressed in alveolar 
epithelial cells cultured from the rat lung (18). After 3 days of 
culture, the cells reach confluence and are capable of vectorial 



sodium transport, resulting in the formation of domes when 
cultured on plastic. To test the hypothesis that TNF-a could 
modulate ENaC mRNA expression in alveolar epithelial cells, 
we treated them for 4, 6, 8, or 24 h with 100 ng/ml TNF-a! 
Treatment progressively decreased the steady-state mRNA 
level of the a-, (3-, and 7-ENaC subunits to 36, 43, and 16%, 
respectively, after 24 h, compared with time-matched controls 
(P < 0.05, Fig. 1). However, TNF-a had no effect on expres- 
sion of the ai and pi Na + -K + -ATPase subunits (Fig. 1). 
Because mRNAs for the three ENaC subunits behave similarly, 
we decided to focus our investigation on the u-ENaC subunit. 

Actinomycin D inhibits TNF-ot downregulation of a-ENaC 
mRNA. TNF-a has been shown to exert its action by activating 
a wide range of genes. Therefore, we investigated the role of 
transcription in the downregulation of a-ENaC mRNA expres- 
sion. Alveolar epithelial cells were treated for 6 h with TNF-a 
in the presence of 5 (xg/ml actinomycin D, a transcription 
inhibitor. Treatment abolished the downregulation of ENaC 
mRNA by TNF-a, suggesting that transcription is involved in 
this process (Fig. 2). 

a-ENaC mRNA stability in TNF-a-treated calls. The cellular 
pool of a given mRNA is modulated by the regulated balance 
between gene transcription and mRNA degradation. Because 
actinomycin D as cirtreatmem for 6 h abolished the decrease 
elicited by TNF-a on ot-ENaC mRNA, we investigated the 
impact of TNF-a on a-ENaC mRNA stability after 16 h of 
treatment, at a time where ENaC mRNA expression has 
reached its lower steady-state equilibrium. There was a signif- 
icant difference (P < 0.05) in a-ENaC mRNA stability in 
TNF-a-treated cells (half-life 10.4 h) compared with the con- 
trols (half-life 15.1 h) (Fig. 3). 

Modulation of a-ENaC protein expression by TNF-a. We 
investigated whether TNF-a has an impact on the total cellular 
pool of a-ENaC protein in alveolar epithelial cells treated with 
100 ng/ml TNF-a for 24 h. Immunodetection by Western 
blotting revealed a broad band of 82-96 kDa at the molecular 
mass expected for native and glycosylated a-ENaC (59). 
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Fig. 3. a-ENaC mRNA stability was determined in control cells and cells 
treated with 100 ng/ml TNF-cr. Alveolar epithelial cells were cultured hx 3 
days and u-eated or not for 16 h with 100 ng/ml TNF-a. The cells were 
incubated thereafter with 5 u.g/ml Act D for 0, 4. 6. 8, 10, or 12 h. 18S rRNA 
was used to normalize the amount of RNA loaded on each well. The calculated 
half-life (TvO is shown. ■. Act D; a. Act D + TNF-a. Multiple regression 
analysis revealed a statistically significant difference in ot-ENaC mRNA 
stability in cells treated with TNF compared with untreated cells (/> < 0.05)- 
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: tfg. 4. Immunodetection of a-ENaC in alveolar epithelial cells treated with TNP-oc for 24 h. Alveolar epithelial cells were cultured 
for 3 days and treated or not for 24 h with 100 ng/ml TNF-a. The relative amount of ot-ENaC protein was delecled by Western 

; blotting wilJt an autibody directed against the NH-2-tertninal portion of the protein. 'By the 1-sample /-test, there is a significant 
decrease (P < 0.05) in the amount of o-ENaC detected in TNF-u-trcatcd cells. A representative chemiluniinescent reaction is 

I presented at right, The arrow shows Ihe 82- to 96-kDa band detected by the a-ENaC antibody. At bottom, the specificity of the 
ami-F.NaC antibody (PA I -920) was compared in alveolar type II cells (a) and in a cell lysate of Madin-Durby canine kidney 

: (MDCK) cells Iransfected with hemagglutinin (HA)-taggcd rat a-EMaC (b). Although a-ENaC is much less expressed in alveolar 

-cells (a) than in MDCK tnmsfecled cells, the antibody delects a band in the same molecular mass range. As a control, the anti-HA 

■ antibody delects a single 97-kDa band in MDCK Iransfected cells (t/) but not in alveolar epithelial cells (c); n = 7 for each condition 

: studied. CTRL, control, untreated cells; TNF. TNF-n-trcated cells: MM. molecular mass. 



: TNF-a significantly decreased to 50.0 ± 4.8% the amount of 
;ot-ENaC protein in treated cells compared with untreated con- 
trols (Fig. 4). 

y Influence af-TNF-u on l„. ITie bioelectric properties of 
falveolar epithelial cells were tested under control conditions 
;and TNF-a treatment. In unstimulated cells, an J te of 6.02 
vijiA/cm 2 was detected across the monolayer (Table 1). This 
current was inhibited by 65% with 1 p.M amiloride (Table 1), 
Vindicating that the cells were actively involved in Na + trans- 
?|port. Treatment for 24 h with 100 ng/ml TNF-a decreased the 
flic to 2.23 pA/ctn 2 , a 63% drop compared with untreated cells 
'(Table 1). TNF-a had a major impact on the amiloride- 
| sensitive portion of the current, which dropped from 3.93 
f p,A/cm 2 in control cells to 1 .09 p. A/cm 2 after treatment. This 
^represents a 72% difference between control and TNF-u- 
I'ti-eated cells for the amiloride-sensitive portion of the current. 
?The same results were obtained with a higher amiloride con- 
f centration ( 1 0 u-M) or with benzamil, a specific ENaC inhibitor 
|i(da(a not shown). TNF-a also affected the proportions of 
lamiloride-sensitive and -insensitive current detected. After 
f treatment, there was a decline in the amiloride-sensitive por- 
tion of the current, which fell to 49% of the total current. 

£ Table 1 . Bioelectric properties of alveolar type II celh 
treated for 24 h with TNF-a 

i-'Ji — — — 



Unstimulated (n " 23) 



TNF (n - 18) 



f D, mV 
O-cirv 
jiA/cm 2 
1 K amiloride sensitive 
lie amiloride insensitive 



I0.4±0.8 
1700*104 
6.02+0.12 
3.93±0.10 (65%) 
2.09±0.09 (35%) 



4.3±0.19 
I980±I30 
2.23*0.06 
1.09 £0.10 (49%) 
1.14*0.09(51%) 



Values are means ± SE. Percentages in parentheses: proportion of amilo- 
Iride-sensitive.and -insensitive current expressed as % of /,„; n. number of filters 
|from different rats: PD, potential difference: Jin. transcpithelial resistance; / m , 
ftransepithelial current. 



TNF-a also evoked a 45% decrease in the amiloride-insensi- 
tive portion of the current that went from 2.09 pA/cnrr in 
control cells to 1.14 pA/cm 2 after treatment. There were no 
significant differences, however, in R^ between control and 
TNF-a-treated cells (Table 1). 

Dose-dependent modulation of amiloride-sensitive current 
and a-ENaC mRNA expression by TNF-a. To establish 
whether there was a possible correlation between a-ENaC 
mRNA expression and amiloride-sensitive current, wc seeded 
alveolar epithelial cells on Costar fillers and tested fhern 
successively for amiloride-sensitive current and ct-ENaC 
mRNA expression after treatment for 24 h with different 
concentrations of TNF-a (5-100 ng/ml). TNF-a at 5 ng/ml 
reduced by 54% the amiloride-sensitive current generated by 
alveolar epithelial cells (Fig. 5). TNF-a concentration >10 
ng/ml did not further decrease the current, which stabilized 
-30% of control values. TNF-a also significantly downregu- 
lated a-ENaC mRNA expression in alveolar epithelial cells 
grown on filter. As for amiloride-sensitive current, TNF-a 
concentration >10 ng/ml did not further reduce mRNA ex- 
pression of the subunit, which stabilized -30% (Fig. 5). There 
was a good correlation (r = 99) between a-ENaC mRNA 
expression and amiloride-sensitive current for the different 
TNF-a concentrations (Fig. 5). 

Ouabain-sensitive Rb + uptake after TNF-a treatment. 
TNF-a could act through different pathways to reduce the /« of 
alveolar epithelial cells. Although iheie was no modulation of 
a, and pi Na 4 '-K + -ATPase mRNA expression by TNF-a, we 
tested whether the cytokine could affect the activity of the 
pump after treatment for 24 h with 100 ng/ml TNF-a. Sodium 
pump activity decreased by 61% in cells treated for 24 h with 
TNF-a compared with the controls (Fig. 6) (P < 0.05). 

l tt after apical surface permeabilization. The diminution ol 
ouabain-sensitive Rb" uptake after 24-h TNF-a treatment 
could be secondary to a reduced ability of the apical membrane 
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DOWN REGULATION OF ENaC BY TNF-a IN ALVEOLAR EPITHELIAL CbLLS 
Amiloride-sensitive current 





5 10 20 50 100 
TNF ng/ml 

a ENaC mRNA expression 



20 30 40 SO 60 70 80 90 100 110 

% aENaC mRNA/Ctrl 



TNF (ng/ml) o 5 10 20 50 100 



aENaC 



P-actin 



10 20 

TNF ng/ml 

Fig. 5. Amiloride-sensitive current and a-F.NaC mRNA expression of alveolar epithelial cells treated with different TNF-a 
concentrations. Alveolar epithelial cells were cultured for 3 days on 4-cm A Transwell membranes and treated for 24 h with 5, 10. 
20, SO, or 100 mj/ml TNF-u.- Amiloride-sensitive currcut and u-ENaC mKNA level were determined successively by epithelial 
voltohirictcr and-scmiquantrtative RT-PCR. The.currcnl (tap left) and mRNA expression (bottom left) are reported in the graphs as 
percentages of control cells. A 5-ns/ml TNF-a concentration was sufficient to significantly decrease amiloride-sensitive current and 
a-KNuC mRNA expression. P < 0.05 (n = 4). There is a good correlation between mean calculated values for the percentage of 
o-ENaC mRNA expression and amiloride-sensitive current (r = 0.99) in the regression plot shown at top rigtu. A representative 
gei of the RT-PCR is presented at bottom right. I K , trunsepillielial current. 





to transport Na + or could be the result of a direct inhibiting 
effect of TNF-a on sodium pump activity. To test the latter 
hypothesis, we measured the ouabain-sensitive /«: of control 
and TNF-a-treated cells in the Ussing chamber following 
amphotericin B permeabilization of the apical membrane. In 
such conditions, there is no restriction in Na + entry in the 
cytoplasm by the apical membrane, which allows an estimation 
of the activity of Na + -K + -ATPase. Typical traces, presented in 
Fig. 7, show that 10 u,M apical amiloride treatment decreased 




Ctrl 



TNF 



Fig. 6. Ouabain-sensitive Rb + uptake of alveolar epithelial cells treated for 
24 h with TNF-a. Uptake is expressed in ninol/ng protein. A 2 mM ouabain 
concentration was used to inhibit Na ' -K ' -ATPase. *There is a significant 
decrease (P < 0.05). by the unpaired /-test, in Rb : uptake by TNP-a -treated 
cells (n - 7). 



the basal l sc of control and TNF-treared cells. Apical addition 
of amphotericin B led to a progressive increase in the current, 
in control and TNF-treated cells, that was inhibited by 2 mM 
basolateral application of ouabain. The different 1^ for control 
and TNF-treated cells are compared in Fig. 8. As shown 
previously by EVOM measurement, TNF-a significantly de- 
creased (P < 0.05) basal transepithelial current (basal AJ from 
7.01 ± 0.71 to 2.27 ± 0.24 (xA/ctn 2 (Fig. &4) and amiloride- 
sensitive /«; from 5.63 ± 0.71 to 1.08 ± 0.16 u,A/cm* (Fig, 
85). After amiloride treatment, apical membrane permeabili- 
zation with amphotericin B (sec materials and methods and 
Fig. 7) increases current of control cells (6.06 ± 0.44 u,A/cm 2 ). 
There was also a significant increase in current of TNF-treated 
cells (4.21 ± 0.46 u,A/cm 2 ), but it did not reach the level of 
control cells (P < 0.05) (Fig. 8C). Subsequent addition of 
ouabain led to the determination of ouabain-sensitive current 
(ouabain-sensitive / sc ) corresponding to the current driven by 
Na + -K + -ATPase activity (Fig. 8D) after apical membrane 
permeabilization. Although ouabain-sensitive current was 
weaker in TNF-treated cells (2.45 ± 0.29 u,A/cm 2 ) than in the 
controls (3.15 ± 0.28 n-A/cm 2 ), there were no significant 
differences between control and TNF-treated cells. 

DISCUSSION 

In this study, we tested the influence of TNF-a on ENaC 
expression and activity in cultured alveolar epithelial cells. We 
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..JiHg. 7. Typical short-circuit current (/„.) recording of alveolar epithelial cells 
ijlpreatal or noi with TNI- feir 24 h following sequential treatment with 10 u.M 
rfffapical amiloride. 10 u.M apical jitiphotericin B, and 2 raM bnsotateral ouabain. 
Ijipical administration of amphotericin B allowed apical membrane permcabi- 
|fizatiun and induced a gradual increase of shoct-circuit current (I x ) that 
[Ifpcachcd a plateau alter 5 min. / sc is expressed in u.A as recorded by the 
pniplifier and not corrected for filter area. 

I jfound that 24-h treatment with the cytokine decreased the 
}|g?teady-state mRNA level of the three ENaC subunils and 
Invoked a significant reduction in amiloride-sensitive current 
lienerated by the cells. 

^ The treatment of alveolar epithelial cells with 100 ng/inl 
ll|PNF-a over a 24-h period produced a marked reduction in the 
^expression level of a-, 3-, and -y-ENaC mRNA. However, 
Impression of the en and p, Na + -K + -ATPase subunits was not 
Ipiffected, suggesting that sodium channel but not sodium pump 
IfnRNAs were affected by TNF-a action. Several studies have 
pevealed that hormones, such as steroids (12, 18) or vasopres- 
sin (24, 53); oxygen tension (54, 56, 69, 71); and growth 
factors, such as keratinocyte growth factor (7, 73), transform- 
ing growth factor-|J (36), and epithelial growth factor (37) can 
jlinodulate ENaC mRNA expression. Few data are available 
J:p?pncerning the effect of proinflammatory cytokines on ENaC 
JpRNA expression.. 1L-4, a cytokine involved in asthma patho- 
genesis, has been shown to decrease 7-ENaC mRNA expres- 
sion in human bronchial epithelial cells (30). To the best of our 
" fiowlcdge, our results are the first to establish that TNF-uc can 
downregulate ENaC mRNA expression in alveolar epithelial 
Is. 

';. To study further how TNF-a affects the steady-state mRNA 
ivel of ENaC expression, we decided to focus on the a-ENaC 



subunit. First, we tested the importance of transcription in the 
downrcgulation of a-ENaC mRNA expression by TNF-a. We 
found that actinomycin D, a drug that blocks the transcription 
of new RNA, abolished the reduction of a-ENaC mRNA in 
cells treated for 6 h with TNF-a. These results suggest that 
a-ENaC mRNA downregulation by TNF-u is a complex pro- 
cess that could require the transcription of one or several genes 
to decrease a-ENaC mRNA expression. This is similar to what 
has been reported in vascular smooth muscle cells where 
actinomycin D blocks the TNF-a downregulation of insulin- 
like growth factor- 1 mRNA (2). In addition to actinomycin D, 
several inhibitors of putative TNF-activated pathways were 
tested (data not shown). Inhibitors to P38, inducible nitric 
oxide synthase, and NF-kB, as well as 7-glutathione reduced 
ethyl ester, a membrane-soluble form of glutathione, all failed 
to inhibit a -ENaC mRNA downregulation by TNF. The path- 
way by which TNF modulates ENaC expression is therefore 
not elucidated yet and could involve a complex process. 

TNF-a has been demonstrated to downregulate the transcript 
level of several genes by affecting mRNA stability (52, 57, 68). 
For this reason, we tested its influence on the stability of 
a-ENaC transcripts. As shown above, actinomycin D used in 
cotreatment abolishes the downregulation of a-KNaC mRNA 
by TNF-a. Therefore, we chose to study the effect of TNF-a 
on a-ENaC mRNA stability by adding actinomycin D after 
16-h TNF-a incubation, since, at this time, the a-RNaC mRNA 
level has already reached its low steady-state mRNA level. We 
found that TNF-u significantly decreases a-ENaC mRNA 
stability. This result suggests that TNF-a could act in part 
through a posltranscriptional mechanism to downregulate 
a-ENaC mRNA in alveolar epithelial cells. 

Thereafter, we tested the impact of TNF-a on the amount of 
a-ENaC protein in the cells and found that it significantly 
decreased the protein pool in treated cells. The reduction of 
a-ENaC protein by TNF-a is in the same range as that 
observed for a-ENaC mRNA. Although no data are available 
concerning the stability of a-ENaC protein in alveolar epithe- 
lial cells, several studies have reported its short half-life (1—2 
h) in cultured cells (34, 49, 61, 67). The results presented here 
suggest that the half-life of a-ENaC protein could be in the 
same range in alveolar epithelial cells, since a reduction in 
a-ENaC mRNA brings down the amount of a-ENaC protein. 

The bioelectric properties of alveolar epithelial cells were 
also affected by TNF-a treatment. Amiloride-sensitive current 
is the main current detected when unstimulated alveolar epi- 
thelial cells are cultured on a permeable membrane. This is 
similar to what has been reported elsewhere for diese cells (14. 
16). Upon TNF-a treatment, there was a pronounced reduction 
of amiloride-sensitive and -insensitive current. The effect was 
more marked for amiloride-sensitive current, which declined 
by 72% compared with untreated cells. In the experimental 
conditions used for this study, TNF-a had no toxicity in 
alveolar epithelial cells since it had no influence on flic- 
Furthermore, wc could not detect significant necrosis or apop- 
tosis induced in the cells by the cytokine (unpublished results). 
Very few studies have been reported on the effect of TNF-a on 
ionic transport in alveolar epithelial cells. Our results confirm 
the work of Zhang et al. (72), who showed that 48 or 72 h 
treatment with TNF-a decreases the /, e across alveolar epithe- 
lial cells. The data reported here further reveal that TNF-a can 
decrease the /, e after 24-h treatment and that amiloride-scnsi- 
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Fig. X. Comparison between /». of control 
and TNF-trcarcd cells following sequential 
treatment with 10 jiM apical ajniloride. 10 
(iM apical amphotericin B, and 2 mM basu- 
larcral ouabain. *TNF-a significantly de- 
creased (P < 0.05). A: transcpitbclial current 
(basal /ic): B: amiloride-sensitive current 
(amiloridc-scnsitivc C: amphotericin B 
cmicnr (amphotericin R /„.,) compored with 
the untreated controls. Significant differ- 
ences could not be detected (D) for ouabain- 
sensitive current (ouabain-sensitive /«) of 
control and TNF-trcated cells, suggesting 
that TNF does not affect Na' l K + -ATPnse 
activity. The is expressed as pA/cnv* of 
filter. Control, untreated cells, n ~ 7; TNF- 
trcated cells. « - 6. 




tive current is the main current affected by this agent. We did 
not, however, find a decline in /ftc as reported by them (72). 
The difference could be explained by the diversity of experi- 
mental protocols in the two studies, especially the TNF-a 
concentration administered and the length of treatment, since 
the authors followed a 48-h treatment protocol. In support of 
this, Coyne et al. (17) reported that in human primary airway 
cells, TNF-a has no impact on R K at 24 h but decreases it by 
40% after 48 h of treatment. 

In A549 cells, an alveolar epithelial cell line, TNF-a has 
been shown lo increase the amiloride-sensitive current within 
minutes (28). In this model, however, no study was performed 
after 24-h treatment. It is possible that acute and chronic 
treatments with TNF-a have different effects on alveolar epi- 
thelial cell bioelectric properties. 

There was a good correlation (/• = 0.99) between a-ENaC 
mRNA expression and the amiloridc-scnsilive current of alve- 
olar epithelial cells exposed to different TNF-a concentrations. 
The amiloride-sensitive current depends on several factors, 
including gene transcription, translation, membrane insertion, 
and channel activation. The short half-life of ENaC protein in 
mammalian cells (34, 49, 61. 67) and the relatively long 
half-life of ENaC mRNA suggest that the pool of a-ENaC 
mRNA could be very important in modulating the amount of 
active ENaC at the . membrane. These results indicate that 
downregulation of a-ENaC mRNA expression is probably one 
of the mechanisms involved in Ihc decrease of sodium trans- 
port in alveolar epithelial cells. The 100 ng/ml TNF-a concen- 
tration chosen for our study, although used by other investiga- 
tors, is fairly high. Our data show, however, that 5 ng/ml 
TNF-a is sufficient lo induce significant declines in ENaC 
activity and expression. This concentration is in the order of 
magnitude detected in the BAL of patients with cystic fibrosis 
(5), pneumonia (21 ). and ARDS (51, 62), as well as in the BAL 



of mice infected with Streptococcus pneumoniae (4). Our 
findings indicate that, at the TNF-a concentration found in 
several lung pathologies, there could be a significant decrease 
of ENaC expression and activity in the distal lung. 

The ability of alveolar epithelial cells lo transport sodium 
depends on ENaC expression and activity at the apical mem- 
brane as well as Na + -K + -ATPase expression and activity at 
the homolateral membrane. Although TNF-a did not decrease 
ai and 3i Na + -K' ! "-ATPase expression, we tested whether 
24-h TNF-a treatment affected the activity of the pump. There 
was a significant reduction of ouabain-sensitive Rb + uptake, 
indicating that the activity of the pump was reduced after 24-h 
treatment with TNF-a. Two distinct mechanisms could explain 
such reduction. TNF-a could somehow affect the pump's 
ability to extrude Na + at the basolateral membrane, or the 
reduced pump activity could be secondary to a restriction of 
Na + entry at the apical membrane. In several Na + -reabsorbing 
epithelia, ENaC is a limiting factor for transepithelial sodium 
transport (3). Therefore, to evaluate the possibility that the 
decrease in the ouabain-sensitive Rb + uptake observed (Fig. 6) 
could be related to a decrease in Na + entry at the apical 
membrane, we measured sodium pump activity in control and 
TNF-treated cells following amphotericin B penneabilization 
of the apical membrane. Ussing chamber measurements of 
control and TNF-treated cells gave in the range of what has 
been reported in the literature (32, 44, 55). Apical membrane 
permeabilization with amphotericin B following anuloride 
treatment increased the I x in control and TNF-treated cells 
similarly to what has been described elsewhere (44). In TNF- 
treated cells, the I K doubles after apical membrane penneabi- 
lization, compared with basal /„.-, showing that TNF seems to 
decrease apical membrane permeability to ion. Although 
ouabain-sensitive / st , the portion of the current driven by 
Na 1 -K 1 -ATPase, was slightly smaller in TNF-treated cells 
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compared with the controls, n Statistically significant difference 
could not be found. Although it is not possible at this point to 
exclude any effect of TNFon Na + -K. + -ATPasc activity at the 
basolateial membrane, the penneabilization experiments re- 
vealed that, in regard to the effect of TNF on l u , the apical 
membrane of" the alveolar epithelial cells seems to be the major 
target of TNF-a action. 

There are discrepancies in the literature on the role of TNF-a 
in the modulation of Na + and water transport in the lung. 
TNF-ot has been demonstrated to increase lung liquid clear- 
ance, a process involving amiioride-sensitive transport, during 
acute bacterial pneumonia (58), intestinal ischemia-repcrfusion 
(6), and direct instillation into the air space (28). However, 
several reports, including the work presented here, indicate that 
TNF-a decreases the current and permeability of alveolar 
epithelial cells (72) and human bronchial epithelial cells (29) 
but elevates lung permeability in a rat model of acute lung 
inflammation (43). TNF-a also reduces the expression of 
aquaporin-5, a water channel involved in transepithelial water 
transport, in a lung epithelial cell line (65), and in adenovirus- 
inf'ected lungs (64). As stated above, TNF-a concentration and 
length of treatment could be important factors in the ability of 
TNF-a to decrease Na + transport in alveolar cpithcliul cells. 
Rezaiguia et al. (58) have reported that in a model of Pseiido- 
nwnas lung infection, TNF-a is produced very rapidly with a 
sharp peak at 4 h. At 12 h, the TNF-ot level practically returns 
to baseline, and at 24 h, they found an increase in lung liquid 
clearance (58). Towne et al. (64) report, however, that lung 
infection .with adenovirus leads to lung edema with sustained 
TNF-a expression still detectable after 14 days. In such a 
model, aquaporin-1 expression and aquaporin-5 and a-ENaC 
mRNA levels are reduced on days 7 and 14 postinfection (64). 
In vitro, the infection of alveolar epithelial cells with Myco- 
bacterium tuberculosis also leads to sustained TNF-a expres- 
sion, still detectable after 4 days, with a decline in /, c generated 
by the cells (72). Altogether, these results suggest that the 
nature of sodium transport modulation by TNF-a on the distal 
lung could vary greatly with the length of treatment. 

The data presented in this paper show that sustained TNF-a 
treatment can downregulate ENaC expression and decrease 
amiioride-sensitive current in alveolar epithelial cells. These 
observations suggest that a proinflammatory cytokine, by in- 
fluencing ENaC expression in the lung, could play an impor- 
tant role during sustained lung inflammation. 
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Involvement of the CCND1 gene in hairy cell leukemia 
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Summary 

Background: Previous results suggested increased mRNA 
expression of CCND1 in hairy ceil leukemia (HCL). The 
CCND1 gene is involved in the t(ll;14)(ql3;q32) chromo- 
somal rearrangement, a characteristic abnormality in mantle 
cell lymphoma (MCL). We and others reported that, in con- 
trast to other B-cell lymphomas, almost all MCL have over- 
expression of the CCND'l gene with a good correlation be- 
tween RNA and protein analysis. Recent studies showed that 
ovcrcxpression of the cyclin Dl protein can be easily detect- 
ed by immunohistochemistry (IHC) on formalin- fixed, paraf- 
fin embedded tissues. 

Patients and methods: To investigate whether the CCND1 
gene is involved in HCL, we performed IHC on a series of 
22 cases using formalin-fixed paraffin embedded splenec- 
tomy specimens. For IHC the sections were boiled in citrate 
buffer. The presence of rearrangements within the BCL-1 
locus and the CCND1 gene was analyzed in 13 of 22 
cases by Southern blot analysis using all available break- 
point probes. Hxpression of CCND1 was analyzed at the 



mRNA level (Northern blot) and protein level (IHC). 

Results: Overexpression of the cyclin Dl protein using 
IHC was observed in all cases, with strong expression in 5 
cases. Pre-existing B- and T-cell areas of the spleen did not 
express significant levels of the cyclin Dl protein. Seven of 9 
cases analyzed by both IHC and Northern blotting showed 
overexpression of the CCND1 gene with both methods. No 
genomic abnormalities were observed in any of the 13 cases 
studied by Southern blot analysis. Additionally, no ilql3 ab- 
normalities were detected by banding analysis of 19 of 22 
cases. 

Conclusions: The elevated levels of CCND1 mRNA and 
protein in conjunction with the absence of overt rearrange- 
ments within the BCL-1 locus distinguish HCL from MCL 
and other B-cell malignancies. This suggests that activation 
of the CCND1 gene in HCL is due to mechanisms other than 
chromosomal rearrangement 

Key words: BCL-I, CCND1, cyclin Dl, HCL, immunohisto- 
chemistry, RNA, t (11; 14) 



Introduction 

There have been only a few reports on chromosome 
abnormalities in hairy cell leukemia (HCL) over the 
years. Various methods, such as the CD40 in vitro pro- 
liferation system or B-cell mitogen stimulated cells, 
have been described for obtaining good metaphase 
chromosomes which can be used for cytogenetics. Dif- 
ferent anomalies have been described, including clonal 
aberrations and numeric and structural changes in the 
chromosomes. However, no specific recurrent chromo- 
somal aberrations were observed [1-9]. This paucity 
of data is explained by ihe fact that HCL is a rare entity; 
it is often difficult to obtain good material, and above 
all, the cells show a very low proliferative capacity. As 
an alternative, interphase fluorescent in situ hybridiza- 
tion using alphoid and satellite probes specific for 16 
human chromosomes (chromosomes 2, 4, 5, 13, 14, 19 
and 21 not included) showed that HCL appeared to be 
diploid with non-random gain and loss of chromo- 
somes without any specificity regarding the disease [3]. 
Involvement of chromosomes 5, 7 and 14q has often 
been observed, but the presence of llql3 rearrange- 



ments or even t(ll;14) are rare [4, 7, 8, 10]. We pre- 
viously reported mRNA overexpression of CCND1 in 
some cases of HCL (11], and therefore we analyzed the 
involvement of the chromosome llql3 region and in 
particular the CCND1 gene in HCL. 

The chromosome Hql3/BCl -I region is found in 
approximately 50% and 70% of mantle cell lymphomas 
(MCL) at the genomic and cytogenetic level, respec- 
tively, translocated to the immunoglobulin heavy chain 
joining gene complex (Jh) located at chromosome 
14q32 (see references [12-14]). The gene involved 
in this translocation is CCND1. The CCND1 gene 
is overexpressed in almost all cases of MCL, irrespec- 
tive of the presence of a l(ll;14)(ql3;q32) re- 
arrangement, at both the RNA and protein levels 
[1 1, 15]. In contrast, the CCND1 gene is not, or only 
weakly, expressed in normal lymphoid cells and most 
types of non-Hodgkin's lymphoma. Sporadically, the 
llql3 region is rearranged in several other types 
of B-ccll lymphoproliferative disorders such as fol- 
licular lymphoma, B-cell prolymphocytic leukemia, 
chronic lymphocytic leukemia, multiple myeloma (see 
reference [12]) and hairy cell leukemia [4, 7, 1 0]. 
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In this study we describe the analysis of rearrange- 
ments within the Ilql3/BCL-1 region and expression 
of the CCNDl gene at the protein level using immuno- 
histochemistry in HCL. This study includes 22 cases 
analyzed by IHC, but also a compilation of previously 
published banding analyses of HCL using the CD40 
culturing system [7], Southern blol analysis for re- 
arrangements within the BCL-1 locus and previously 
reported Northern blul data [ 1 1 1. Methods for delect- 
ing overexpression of cyclin Dl protein by IHC on 
routinely processed biopsies of MCL and other B-cell 
neoplasias, including HCL, have been recently pub- 
lished 115-18]. In our series of HCL, all 22 cases stud- 
ied by IHC showed overexpression of the cyclin Dl 
protein, but no breakpoints within the BCL-1 locus 
could be detected by any of the above-mentioned tech- 
niques. This strongly suggests thai mechanisms other 
than translocations are implicated in the deregulation 
of the. CCND1 gene in HCL. 



Patients and methods 
Patient materials 

As a referral hospital, the Department of Hematology received 
during the late 1970s and the early 1980s many spleen samples 
from Dutch HCL patients. The diagnosis of HCT. was established on 
the basis of the clinical picture, cylomorphology of neoplastic cells, 
histology of the spleen and bone marrow, cytochemical staining 
(tartrate-rcsislant acid phosphatase positive), and immunopheno- 
typing (reactivity with monoclonal antibodies against CDllc, 
CD19, CD25, CD 103 and expression of mouotypic immuno- 
globulin). Single-cell suspensions were obtained from blood and 
11CL spleens by gentle mechanical disruption and isolation by 
Kicnll-Isopaque density gradient centrifugation and frozen in liquid 
nitrogen, lmmunophenotypically, all of (he suspensions contained 
more than 80% hairy cells. The samples analyzed in this study are 
derived from untreated patients. 

For Southern and Northern blot analyses, viable frozen cells 
were used as described, derived cither from spleen samples (18 
samples) or peripheral blood samples (2 samples) |11|. For IHC of 
the cyclin Dl protein, formalin-fixed, paraffin embedded spleen tis- 
stie was used as described [15]. In this study 13, 15. and 22 cases 
were analyzed with Southern blot. Northern blot and immunohisto- 
chemistry, respectively, as summarized in Table 1. Of the total of 29 
different HCL patients analyzed in this study, 26 were described 
previously for cytogeneric analysis [7]. In brief, viubly frozen cells 
were cultured by stimulation of the CD40 antigen using anti-CD40 



Table 1. Summary of the analysis of chromosome llql3 and 
CCND1 involvement in HCL. 



No. ana- 
lyzed 



Southern blot 


13 


1 1 ql 3 rearrangement 


0 


Northern blot 


15 


strong expression (++) 


5 






moderate expression (+) 


7 






undetectable (— ) 


3 


JHC 


22 


strong expression (++) 


5 






moderate expression (I ) 


17 






undetectable (-) 


0 



monoclonal antibodies and analyzed by cytogenetics. By this tech- 
nique, three cases showed clonal aberrations, four showed non- 
clonal aberrations, and normal karyotypes were observed in 20 
cases. 



Nucleic acid analysis 

Southern blol analysis was performed as described |12J. Briefly, high 
molecular weight DNA was isolated by proteinase K treatment and 
phenol-chloroform extraction. 10 ug of DNA was digested with at 
least diree different restriction enzymes (TJamlll, EcoRI, HindlU or 
Pstl; Bochringer Mannheim Germany) according to the recommen- 
dations of the supplier, blotted onto nylon filters (Hybond N+, 
Amersham, LI.K.) and serially hybridized with various probes (see 
below). Cases were included only when a rearrangement was Ob- 
served with the immunoglobulin heavy chain joining gene complex 
(Igl l) probe Jh. indicating a clonal mmor population. The following 
probes were used for analysis of rearrangements within the llql3 
region: BCL-lb/MTC, p94FS, pllF.H, PRADl-pDYl (represent- 
ing the 5' region of CCNDl), U21B31 (representing the 3' non- 
transluted region of CCNDl), 3128-cDNA (representing the cDNA 
of CCNDl) [1.1]. Comigralion with clirotnosoine 14q32 was as- 
sessed by hybridization with a Jh probe. A total of 13 patients were 
analyzed. 

Northern blot analysis was performed as dcscrit>cd [11|. In brief, 
the single cell suspension was washed with phosphate buffered 
saline (PBS) and RNA was subsequently isolated using ureum/ 
iilhiumchloridc and phcnol-chlorororrn extraction. 10 ug of RNA 
was. size fractionated oh a 1% formaldehyde agarose gel, blotted 
onto nitrocellulose filters (Schleicher & Schull, Keene, NH, U.S.A.) 
and serially hybridized with U21B31 and 312S-CCND1. The 
amount of RNA loaded on the gel was analyzed with probes for 
GAPDH or 28S (obtained from Dr. M. Quax-Jcukcn and Dr. J. 
Schalken. respectively, University of Nijniegen). The cell lines 
UMSCC-1 and Jurkat were used as positive and negative controls, 
respectively. A total of 15 cases were analyzed. Three categories 
were used: -: no delectable expression, +: expression equal lo 
UMSCC-1 and norma! lymphoid tissues, +f: expression stronger 
than UMSCC-1 and norma! lymphoid tissues. 

Hybridization conditions were as described [UJ. Briefly, filters 
were prc-hybridized for 2 hours at 65 "C in hybridization mix (6 * 
SSC, 5 x Denhardfs solution, 0.5% SOS, 50 ug/ml saint sperm 
DNA and 10% polyethyleenglycol (DNA filters) or 10% dcxtransul- 
phate (RNA filters)). Purified DNA probes were radiolabeled with 
20 uCi of |a 32 P|dCTP using a random-primed labeling kit (Pharma- 
cia, Uppsala. Sweden). Filters were washed for 30 minutes in .1 x 
SSC70.1% SDS arid 30 minutes 0.1 x SSC/0.1% SDS at 65 *C after 
16 hours of hybridization. Filters were exposed to Kodak X-Omal 
AR films with intensifying screens at -70 °C. 



Immiinohistochemical analysis 

IHC foT the cyclin Dl protein was performed on formalin-fixed, 
paraffin embedded tissue from splenectomy specimens as recently 
described |15|. In brief, tissue sections were adhered to 3-amino- 
propyllrielhoxysilanc (AFfcS) coated slides and boiled for 25 min- 
utes in 10 mM citrate buffer pll 6.0 and subsequently incubated 
with the primary antibody. We used the cyclin D 1 monoclonal anti- 
body DCS-6 culture supernatant in two dilutions (1:500 and 
1 : 2500). Staining was assessed according to staining of endothelial 
cells and fibroblasts in the same tissue section. Hence, four catego- 
ries were used: -: weaker than endothelial celts and fibroblasts; =: 
equally strong as endothelial cells and fibroblasts; + and ++: 
stronger and much stronger thai) endothelial cells and fibroblasts. A 
total of 22 cases were analyzed. 
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Results 

Our previously published Northern blot results [11] 
suggested overexpression of the CCND1 gene in at 
least one-third of HCL. In 12 of 15 cases expression 
was observed, with high expression in 5 cases and 
moderate levels of expression in 7 cases (Figure 1). 
Expression of the CCND1 gene was unlikely to be due 
to an admixture of accessory cells in Ihe HCL samples 
since all samples contained more than 80% hairy cells. 

Based on these observations and previous reports 
that IHC on formalin-fixed, paraffin embedded tissues 
is a reliable and sensitive method for detecting (over)- 
cxpression of the cyclin Dl protein in B-cell neoplasia 
[15-18], we analyzed a large series of HCL spleens by 
IHC (Table 1 and 2). Using the well-defined cyclin Dl- 
specific monoclonal antibody DCS-rt [19], wc observed 
overexpression in tumor cell nuclei in all cases of HCL 
(« = 22). Five cases showed a very strong staining, and 
the remaining 17 cases showed a moderate level of 
overexpression. Overexpression was defined by a 
stronger staining in tumor cells than in fibroblasts and 
endothelial cells within the same section. Variation in 
staining intensity among individual tumor cells within 
the same section was observed in all cases (Figure 2a). 
In general, the staining inteasity was weaker than in 

Table 2. Imrnunohistochemisliy for cyclin Dl in hairy cell leukemia. 

Nr>. Case" Sex/ Cytogenetics* 
age 0 



i 

U 




Figure I. RNA analysis of CCNDI expression in HCL. 10 u,g of 
RNA was size fractionated on a 1% agarose, formaldehyde gel, 
transferred to a niter and serially hybridized with both CCNDI 
plobe^ and a 28S probe as control for the amount of RNA loaded. 
RNA of the cell line UMSCC-1 was used as a reference for CCNDI 
expression. Cases of HCL indicated at the top, the molecular weight 
marker at the left, the transcripts on the right . 

MCL (Figure 2b), but stronger than in all other B-cell 
lymphomas and leukemias (« = 48) and normal lym- 
phoid tissues («= 10) tested previously [15]. In some 
HCL, residual foci of the splenic white pulp were 
detected. These areas did not stain for cyclin D 1 (Fig- 
ure 2a). 



Southern blot analysis RNA 11 IMC 



Jh b MTC p94PS pllEH V1>1 3D1 cDNA Dl 1:500 1:2500 



Cases analyzed for mRNA and IHC 



p3„V> 
p337 
p338 
p339 

p342 
p343 



p25S 
p331 
P 333 



Gy-W 


1/63 


normal 


KR 














+4- 


■ + 


+ 


Ra 


M/49 


normal 


RR 














++ 


+ 




S-J 


1742 


normal 


RR 














++" 


+ 


+ 


Rie 


M/76 


abnormal, nonclonal 


RR 














+ 


++ 








46, XY, add (14) (q32). del <6) (p21) 111/46, XY [24] 
















Jo 


M/57 


normal 


RR 














+ 


+ 


+ 


Ka 


M/42 


abnormal, nonclonal 


RR 














+ 


++ 


+ 






46, XY, del (7) (q32) 1 1 ]/46, XY 129] 




















Hof 


M/39 


normal 


na 


na . 


na 


na 


na 


ii a 


na 


+ 


++ 


+ 


Mey 


M/46 


normal 


na 




na 


na 


na 


mi 


na 




+ 


+ 


Ly 


M/35 


normal 


na 


na 


na 


na 


na 


na 


na 




+ 


+ 


ttuilyied wiih fHConty 






















Mu 


M/47 


normal 


RR 




na 


na 


na 


na 


na 


na 


+ 


+ 


Ma 


M/62 


normal 


RR 














na 


++ 


+ 


W-J 


1-77:5 


abnormal, clonal 


KR 














na 


+ 


+ 



46, XX |21]A!5, X, -X, add (4) (pl5). del (10) (q24) [I] 

46. XX. dcr (18) t(5:18)(ql I;q23) [29]/46. XX |17] 
p334 Grue M/46 abnormal, clonal RR - - 

47, XY. -l 5 |18|/46,XY [1| 



p804 


Wo 


M/3K 


na 


na 


na 


na 


na 


na 


na 


na 


na 




+ 


pH05 


J-B 


F/78 


nn 


na 


na 


na 


na 


na 


na 


na 


na 


+ 


+ 


p806 


Be 


M/69 


na 


na 


na 


na 


na 


na 


na 


na 


na 


•t- 


+ 


pK07 


Gra 


M/34 


normal 


na 


na 


na 


na 


na 


na 


na 


na 


-t- 


+ 


p808 


Za 


M/47 


normal 


na 


na 


na 


na 


na 


na 


na 


na 


+ 


+ 


ptMW 


Ko 


F/45 


normal 


na 


na 


na 


na 


na 


na 


na 


na 


-I 


+ 


p810 


Hou 


M/39 


normal 


na 


na 


na 


na 


na 


na 


na 


na 


++ 


+ 


pHI I 


Wou 


F/43 


normal 


na 


na 


na 


na 


na 


nu 


nu 


na 


+ 


+ 


p812 


vDa 


M/47 


normal 


na 


na 


na 


nu 


na 


na 


na 


na 


+ 


+ 



" Adapted from [7]: "RR:Jh rearrangement present; r adapted from [1 1 1: * sample left overnight in culture medium at 37 "C. 

na - not analyzed: nb = sample could not be scored. 

Scoring: - - negative; + = moderate expression; -H- - strong expression. 
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Figure 2. Immuiiohistochemisliy ol' cyclin Dl in HO- and normal 
spleen. Sections were stained for cyclin Dl with the DCS-6 antibody 
(1:2500 dilution of culture supernatant; original magnification 
200x). A: HCL, showing infiltration of lite red pulp by HCL with 
variable nuclear staining for cycliu Dl. Note the absence of staining 
within the pre-existing lymphoid cells of the white pulp (asterisk). 
13: MCL, showing a mantle zone growth pattern. Note the very 
strong expression in the neoplastic mantle zone cells and its absence 
in the pre-existing follicle center cells (asterisk). 

Nine of 22 HCL were tested by both IHC and 
Northern blot analysis (Table 2). In 7/9 cases increased 
expression was observed with both Northern blot and 
itnrnunohistochernistry, although no clear correlation 
was found in the level of ovcrcxpression. In 2/9 cases 
no ovcrcxpression was detected by Northern blot anal- 
ysis, whereas imniunohistochemistry showed moderate 
expression. A1J cases of HCL showed the major tran- 
script of 4.5 kb, and no abnormally sized transcripts 
were detected. 

Nine of 22 cases analyzed by IHC were also studied 
by Southern blot for translocations within the BCL-1 
locus. By none of the 6 available breakpoint probes did 
any of these cases show rearrangements indicative of a 
t(1 1;14)(ql3;q32). The probes included a 3' probe for 
CCNDI by which translocations and deletions within 
the 3' untranslated region of CCNDI can be detected 
[11]. The overall results of our analysis are shown in 
Tables 1 and 2. Nineteen of 22 cases analyzed by IHC 
had been studied before by banding analysis after cul- 



turing in the CD40 system [7]. Two cases showed clonal 
and two non-clonal chromosomal abnormalities, and 
15 cases showed a normal karyotype. None of these 
cases had a t(ll;14)(ql3;q32) or other abnormalities 
involving llql3. 



Discussion 

Recent reports from our group and others show that 
IHC is a reliable method to detect (over-) expression of 
the CCND1 gene in B-cell neoplasia [15-18]. Using 
this method, we observed that in a series of 22 HCL, all 
cases showed overexpression of the cyclin Dl protein. 
Five cases showed very strong expression and the re- 
maining 17 showed moderate levels. These results cor- 
roborate the Northern blot results indicating thai the 
majority of HCL have a relatively high expression of 
the cyclin Dl protein. The high variability observed in 
expression levels, and even the lack of expression in 2 
of 9 cases with Northern blot analysis is perhaps attri- 
butable to the use of different materials used for the 
two methods. For IHC freshly fixed tissues were used 
but for mRNA analysis splenic cell suspensions were 
used. CCND1 mRNA has a short half-life (around 30 
minutes [20, 21]). We speculate that during the time- 
consuming procedure of isolation of the HCL cells 
using FACS-sorting, and subsequent freezing and 
thawing of the cells, the CCND1 gene product might be 
partially degraded in some cases. Another possibility 
could be the presence of an alternatively spliced 
CCND1 transcript, as has recently been described [22|. 
Alternative splicing is, however, not likely to have hap- 
pened in our HCL samples, since in our study CCNDI 
mRNA levels were analyzed with two different 
CCND1 probes, a cONA probe (3128-CCND1) which 
also hybridizes with the alternatively spliced transcript, 
and a probe in the 3'-non translated region (U21B31), 
and both probes showed identical results. Therefore, 
detection of cyclin Dl protein overexpression using 
IHC seems to be a more reliable method than Northern 
blotting. In contrast to the present results, Zuckerberg 
el al. [17] detected overexpression of the cyclin Dl pro- 
tein in only 1/15 cases of HCL. This could be due to 
the use of another less-sensitive cyclin Dl antibody, 
unable to detect the moderate levels of overexpression. 

In MCL cyclin Dl overexpression is observed in 
almost all cases [11, 15]. Depending on the method 
used, a t(l 1 ; 14)(ql3;q32) can be detected in 50%-75% 
of the cases [12-14]. In the 22 HCL cases with cyclin 
Dl overexpression using IHC, wc did not detect chro- 
mosomal or genomic Hql3 rearrangements by any of 
the used methods. Clonal and non-clonal llql3 abnor- 
malities, especially del(l I)(ql3q21), have been de- 
scribed by Haglund et al. in 8 cases of 36 mitogen- 
slimulated HCL [4]. Terminal deletions at llq are 
frequent in chronic lymphocytic leukemia (CLL) as 
well, and may occur in tumor subclones. In our recent 
study, Coignet et al. analyzed 5 cases of CLL with simi- 
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lar terminal deletions seeking BCL-1 rearrangements 
using interphase and metaphase FISH with cosmids 
spanning a 750 kb region around the MTC of the 
BCL-1 locus [23]. In none of these cases could a 
BCL-1 breakpoint be delected. Recently, we used the 
same method in 2 cases of HCL with cytogenetically 
documented llql3 abnormalities [7]. No BCL-1 
breakpoints were detected (unpublished data). Unfor- 
tunately, both the 5 CLL cases with terminal deletions 
[23] and the present 2 HCL cases with Ilql3 trans- 
locations could not be studied for cyclin Dl expression 
since no paraffin embedded material was available. 

Our compiled data on expression of the CCND1 
gene and llql3 rearrangements in HCL suggest that 
cither HCL harbor relevant llql3 breakpoints un- 
detectable by the current methods, or, more likely, that 
HCL cells have other mechanisms leading to deregula- 
tion of the CCNDl gene. Of note, our study made 
deletions and translocations immediately 3' of the 
CCND1 gene very unlikely. Such events have been de- 
scribed in a number of cell lines and tumors [11, 24- 
27] [own unpublished data], and cause the accumula- 
tion of mainly the 1.5 kb or abnormally sized CCND1 
transcripts by removing mRNA destabilizing se- 
quences. No gross abnormalities were detected in 
HCL. Furthermore, genomic alterations of the CCNDl 
gene itself are unlikely to be involved in HCL because 
we did not observe genomic aberrations with either the 
5' CCND1 probe or a CCND1 cDNA probe. 

Overexpression of the CCND] gene is suggested to 
play a subtle role in tumor development. CCNDl has 
an essential function in the cell cycle, especially in the 
G1-S phase transition (reviewed in |28, 29|). Over- 
expression induced by transfected CCNDl constructs 
resulted in a shorter Gl phase and total time required 
for one cell cycle in cell lines. Transgenic mice with an 
Eu, -CCNDl construct show subtle changes in B- and 
T-cell composition and only develop B-cell lymphomas 
after deregulation of other genes such as myc [30, 31]. 
The role of the CCNDl gene in HCL is remarkable, 
especially since the tumor cells have a very low growth 
fraction. 

Blocking of CCN D 1 expression by antisense or anti- 
body treatment of cell lines results in a cell cycle block 
and Gl phase-arrest. The cyclin Dl protein has, fur- 
thermore, been shown to be associated with other cell 
cyclc-rclatcd proteins such as cyclin-depcndent kinase 
4 (CDK4), CDK6, pi 6 and the retinoblastoma gene 
product pRb. Cyclin Dl-CDK complexes can phos- 
phorylate pRb which thereby releases transcription fac- 
tors. Cyclin Dl-CDK complexes are inactive when 
complexed with p16,an inhibitor of CDK. pi 6 is there- 
lore believed to be a tumor suppressor gene: absence 
of pl6 could result in the constant activation of cyclin 
D1-CDK4 complexes. In two reports on pl6 in HCL, 
no obvious deletions or point mutations were found 
[32, 33]. Constant activation of CCNDl due to loss of 
p'lfi is therefore not likely to occur in HCL. 

To our knowledge this is the first report on the in- 
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volvement of. the CCNDl gene in HCL. Our results 
show that CCNDl is indeed involved in HCL. At pre- 
sent, we do not know whether this high expression 
reflects a structural oncogenic event in the genome of 
the tumor cells undetectable by current methods, de- 
regulation at the posttranscriptional level, or whether 
in hairy cells it is physiologic. The latter hypothesis can 
not be totally excluded, since the normal counterpart of 
hairy cells is not known and since very few cells in nor- 
mal lymphoid tissues show a considerable level of 
expression of the cyclin Dl protein [1 5[. 
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Inhibin and activin production and subunit expression in human 
placental cells cultured in vitro 
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Inhibins and activins are dimeric proteins, with each subunit being one of three related protein subunits (a. 
PA or pB). The mRNA levels of these subunits were studied quantitatively during in-vitro differentiation of 
human cytotrophoblast cells into syncytium, using Northern blot analysis and semi-quantitative reverse 
transcription-polymerase chain reaction (RT-PCR) analysis. The corresponding protein concentrations were 
determined by specific enzyme-linked immunosorbent assays for inhibin A, B, pro otC and activin A in cellular 
protein extracts and culture medium (n = 5). Immunofluorescence studies showed syncytium formation after 
48 h. The a subunit was present before plating and increased at 48 h \P< 0.001) while the PA subunit was 
weak before plating and increased at 24 h. The PB subunit was not detected. With respect to corresponding 
protein synthesis, inhibin A {a + PA) had risen after 48 h in cellular protein extract and after 72 h in culture 
medium, while activin A (PA + PB) was detected after 24 h. with no significant variations in culture medium. 
There was a good correlation between inhibin A and a subunit expression (r = 0.736, P< 0.001), as well as 
between activin A and 0A subunit expression (r = 0.755, P< 0.001). This study showed that mRNA expression 
parallels protein synthesis of inhibin and activin in trophoblast cells. Inhibin A synthesis appears to be 
dependent on a subunit mRNA expression, rather than on the PA subunit which controls activin A synthesis 
This study has also shown that isolated cytotrophoblast cells do not produce dimeric inhibin. However, 
during the transformation of cytotrophoblast cells into syncytium, pA subunit mRNA expression may be an 
indicator of cell aggregation, while a subunit mRNA expression may be an indicator of cell fusion. 
Key words: activin/inhibin/mRNA/placentaArophoblast 



Introduction 

Inhibins and activins are dimeric proteins of the transforming 
growth factor (TGF) P superfarnily (Massaguc, 1 990; Roberts 
el al., 1990). They are a combination of three related protein 
subunits (a, PA and PB), encoded by separate genes (Vale 
et al., 1988). Inhibin A and B are composed of one a subunit 
and one of two P subunits while activins are the combinatorial 
assembly of the p subunits (PA-PA. PB-PB. PA-PB). Initially, 
they were described as modulators of FSII production by the 
anterior piniitary (Ying, 1988). Although their function is 
uncertain, precursor forms of the a subunit of inhibin, con- 
taining both the pro- and ctC regions of the a subunit, have 
also been described in human follicular fluid and plasma 
(Groome el al., 1995). 

Molecular biology studies show the presence of a and p 
subunit mRNA in various tissues (Petraglia, 1997). During 
pregnancy, the placenta is now recognized as the main source 
of inhibin A and activin A production (Petraglia et al, 1987; 
Keelun et al., 1999; Riley et al., 2000). The concentrations in 
maternal serum increase mainly during the third trimester, 
reaching maximal values at week 36 (Petraglia et al., 1987; 
Fowler et al.. 1998). Inhibin B in maternal serum during 
pregnancy is very low, but detectable, but activin AB is not 
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detected (Fowler et al., 1998). Inhibin pro aC has also been 
detected during pregnancy (Illingworth et al., 1996; Fowler 
et al., 1998). Although the role of inhibin and activin in the 
endocrinology of pregnancy is not understood, the increase of 
these proteins is expected to have physiological relevance in 
human pregnancy. Activin A may also play a role during fetal 
development (Jenkin et al., 1995). 

It is now well established that maternal serum inhibin A 
concentrations are higher in pregnancies associated with 
Down's syndrome (Aitken et al., 1996). Increased concentra- 
tions of maternal serum activin A have also been reported in 
pregnancies complicated by pre-eclampsia (Muttukrishna et al., 
1997). The mechanisms leading to these increased concentra- 
tions in pathological states are unknown. 

Previous studies on the regulation of inhibin and activin 
production by trophoblast cells have used non-specific inhibin 
immunoreactivity or Western blotting as quantitative analysis 
(Petraglia* 1 / al., 1987; Keelan et al., 1994). In-situ hybridization 
and immunostaining studies show conflicting results con- 
cerning the cellular localization of inhibin subunits in placental 
tissue (Petraglia et al., 1987, 1991; Minami et al.., 1992; 
McCluggage et at., 1998). Moreover, the mechanisms regulaU 
ing the expression of the mRNAs encoding the different 
subunits in trophoblast cells lias not been elucidated and it 
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remains unknown whether the production of these proteins 
parallels the level of their mRNA. 

The in-vitro transformation of isolated cytotrophoblast cells 
into an endocrine active syncytiolrophoblast has been well- 
described (Kliman et ah 1986) and is widely used to study 
hormone synthesis and secretion from trophoblast cells. The 
aims of this study on human placental cells cultured in vitro 
were (i) to determine the relation between mRNA expression 
and inhibin and activin synthesis in vitro; (ii) to determine 
which cell population (cytotrophoblast or syncytiotrophoblast) 
produces these proteins; and (iii) to explore a possible relation- 
ship' between syncytium transformation and the mRNA 
expression level of inhibin and activin subunits. 

Materials and methods 

Cell culture 

Term placentae (37-40 weeks pregnant) were collected immediately 
alter elective Caesarean section, from five uncomplicated pregnancies. 
Cytotrophoblast cells were isolated using a modification of Kliman's 
method (Kliman et at., 1986). Villous tissue was dissected free of 
membranes and main vessels, washed with ice-cold 0.9% NuCl anil 
minced into small pieces. The tissue (-60 g) was then digested in 
250 mlof 0.25% dispase II (Boehringer Mannheim, Mannheim, 
Germany) solution in Cx A -, Mg 2 1 -free Hank's balanced salt solution 
(HBSS-CMF, GibcoBRL Life Technologies, Paisley, UK) for 45 min 
at 37°C in an oscillating water bath; 10 mg deoxyribonuclease I 
(Boehringer Mannheim) were then added and digestion allowed to 
proceed for a further 15 min. The tissue fragments were allowed to 
seule down for I min. The supernatant containing dispersed cells 
was decanted, fillered through a 100 um nylon filter and centrifuged 
for 10 min at 300 g in four 50 ml tubes. The pelleted cells were 
resuspended in 8 ml of Iscove's modified Dulbeccos medium 
(IMDM; Gibco BR1, Life Technologies) containing 2 mmol/1 L- 
glutammc, 25 mmoVI HEPES (pH 7.4), 50 Ill/ml penicillin and 
50 ug/ml streptomycin, pooled, filtered through a 40 u.m nylon filter 
and resuspended in 6 ml of the same medium. The isolated cells were 
then subjected to a further purification by density centrifugalion with a 
discontinuous 5-70% Percoil (Pharmacia Biotech, Buckinghamshire, 
UK) gradient, made of 5% steps of 3 ml each by dilution of 90% 
Percoil in HBSS-CMF, in a 50 ml centrifuge tube. The digested cells 
were layered over this pre-formed Percoil gradient and centrifuged 
at 1200 g at room temperature for 20 min, The purified cytotropho- 
blasts were collected in the region corresponding to a density of 
1.048 1.062 g/1 (estimated by the position of density marker beads 
ran in a parallel Percoil gradient tube), washed with supplemented 
IMDM. and resuspended in 10 ml of 37°C trypsin solution (0.5 g/1 
porcine trypsin and 0.5 minol/l EDTA. 4Na of HBSS: Sigma. St. 
Uiuis, MO. USA) for I min. The reaction was stopped with 5 mi of 
fetal calf serum (FCS; GibcoBRL Life Technologies) and placed on 
ice; another 5 ml FCS was layered in the bottom of the tube before 
centrifuging for 5 min at 1000 g at room temperature. The pelleted 
cells were washed and filtered through a 40 um nylon filter. Finally 
they were resuspended in supplemented IMDM enriched with 15% 
FCS and antibiotics and counted by an haemocytometer. Cell viability 
was assessed by Trypan Blue exclusion. 

The purified cytotrophoblasts weie plated on 60 mm Primaria Petri 
dishes (Becton Dickinson, Bedford. MA, USA) at a density of 
0.4X 10 6 viable cells/cm 2 in 4 ml supplemented IMDM enriched with 
15% FCS and cultured at 37°C in a humid atmosphere of 5% CO ; . 
The medium was changed daily and cells cultured for 5 days after 
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plating. On each day, culture medium was recovered and kept frozen 
at -20°C until the assays were performed. Cells were lysed with 
TriReagent (Molecular Research Center, Cincinnati, Ohio, USA) and 
kept frozen at -80°C to further extract total RNA and protein. For 
immunofluorescence study, the cells were plated in Sonic Seal Slide 
wells (Nunc A/S, Roskilde, Denmark) at the same density in 1 inl 
supplemented IMDM. All experiments were repeated five times, each 
time on independently isolated trophoblast cell cultures. 

Immunofluorescence 

Trophoblast cultures were analysed at 24. 48 or 72 h after plating. 
Cells were rinsed with phosphate buffered saline (PBS) at 4 C C and 
fixed for 10 min at 4°C in 100% methanol, rinsed again with PBS 
and stored at 4°C in PBS for no longer than 4 days. Preparations 
were preincubated in PBS containing 0.5% bovine serum albumin 
(BSA), 2.5% normal goat serum and 0.1% saponin for 15 min at 
4"C, then incubated with primary monoclonal antibody diluted in the 
same solution overnight at 4"C. The following mouse primary 
antibodies (all from Sigma) were used: monoclonal anti-vimentin 
(I ;200), monoclonal anti-dcsmosomal protein (1:400) and monoclonal 
anti-alkaline phosphatase (1:4000). The primary antibody was omitted 
in control slides. Cells were rinsed for 5 min six times in PBS 
containing 0.1% saponin, followed by a 1 li incubation at room 
temperature with fluoreseein-coujugated goat anti-mouse immuno- 
globulin G F(ab') 2 fragments (Boehringer Mannheim, 1:500 in the 
same solution). Cell nuclei were coutitcrsrained with 5 P-g/ml propid- 
ium iodide in washing solution for 5 min at room temperature, 
followed by six rinses. Slides were mounted using VectaShield 
mounting medium (Vector Laboratories, Burlingamc, CA, USA) and 
fluorescence was examined using confocal microscopy. 

RNA and protein extractions 

Total RNA was extracted from frozen samples using the acid guanidine 
thiocyanatc-phenol-chlorofonn method (ChOmczynski et o/.. T987), 
quantified by absorbance at 260 nm. and divided into aliquots as 
ethanol/sodium acetate precipitate. Proteins were isolated by the same 
method, resuspended in PBS 1% sodium dodecyl sulphate (SDS), 
and quantified with the Bradford method using BSA as standard 
(BioKad Protein Assay; Biorad. Hercules. CA, USA). 

Reverse transcriptase-polymerase chain reaction 

We used the Superscript One-step reverse transcription-polymerase 
chain reaction (KT--PCR) system (GibcoBRL) to amplify target 
sequences of inhibin/activin pA and PB, inhibin a subunits and 
glyceraldehyde-3-phosphatc dehydrogenase tGAPDH) as reference 
mRNA (Dveksler et al., 1992; Licht et al., 1993). Both cDNA 
synthesis and PCR were performed consecutively in a single tube 
using gene-specific primers from 1 u.g total RNA in the presence of 
recombinant ribonucleasc inhibitor (RNAse Out; GibcoBRL). The 5' 
sense and .3' antisense oligonucleotides used as primers are listed in 
Table I (Voutilainen et al., 1991: Dveksler et «/.. 1992). RT-PCR 
was carried out using a DNA Thermal Cycler 9700 (Perkin-Elnier, 
Forester City. CA. USA) to obtain a single band after ugarose 
electrophoresis. Specificity of the PCR products was checked by 
digestion with restriction enzymes. The cycle number necessary for 
an exponential phase of the PCR reaction was determined for each 
cDNA. For the ra, PA subunits and GAPDH, reverse transcription 
was performed at 50 o C for 30 min and cDNA amplification at 
respectively 25, 18, and 19 thermal cycle steps (94°C for 15 s; 56°C 
for 30 s; 72°C for 90 s). For the PB subunit. reverse transcrition was 
performed at 54°C for 30 min and cDNA amplification was achieved 
with 30 thermal cycle steps (94°C lor 1 5 s; 66X lor 30 s; 72°C for 
90 s). 
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Thble I. Sequences of oligonucleotides used for reverse iranscription-polymerase chain reaction (RT-PCR). The length of the expected PCR products are 
given (L) 



Gene 5' Sense 



a 5'-C'AGCCACAGATGCCAGCTGT-3' 

PA 5'-GTTTGCCGAGTCAGGAACAG-3' 

PB 5'-TTCGCCGAGACAGATGGCCT-3' 

G A PDH 5 ' -CCATGGAGA AGGCTGGGG-3 ' 



PCR products were quantified by ion-exchange high performance 
liquid chromatography (HPLC). Each PCR product was diluted in 
25 mmol/1 Tris-CI, pH 8 and 25 inniol/1 Tris-Cl. 1 mol/1 NaCl, pH 
8 whs used as clution gradient. Chromalograms showed a single peak 
for each PCR product and die product level was estimated by peak 
surface measurement. Each' inhibin subunit peak surface value was 
expressed as a ratio to their corresponding GAPDH peak surface value. 

Northern blot analysis 

For each sample, 15 . fig of total RNA were size-fractionated by 
electrophoresis on 1% agarose/2.2 mol/1 formaldehyde gel and trans- 
ferred to Hybond-N nylon lixembrancs (Amersham, Buckinghamshire, 
UK). The same 3'-antisense oligonucleotides used as primers in PCR 
reactions were used as probes- Those oligonucleotides were 3' end 1 
labelled with [a 32 Pl-dATP (± 6000 Ci/rrimol; Amersharn) using 
terminal dcoxynucleptidyl transferase and purified with Sephadex 
G50 columns (PhamaciaBiqtech). Blots were prehybridized in 10% 
dextran sulphate. 1% SDS, I mol/1 NaCl and 25 ug/ml Torula yeast 
RNA (Vomilainen el id., 1991), I ml/10 cm 2 membrane, at 60"C for 
4 h. Hybridization was performed in the same solution after addition 
of the probe at 10° cpm/ml for -18 h. Membranes were washed four 
times for 20 min in 1 X sodium chloride/sodium citrate (SSC). 0.1% 
SDS. Kodak BioMax Transcreen intensifying screen and Kodak 
BiuMax MS film were used for autoradiography at -70°C for 10 
days for inhibit] summits and 3 days for GAPDH. 

Autoradiograms were scanned and hybridization signals were 
estimated by densitometry analysis (Scan Analysis, Biosoft, UK) 
after background subtraction. Each inhibin subunit mRNA was 
expressed as the ratio of the corresponding GAPDH density in the 
same sample. 

Inhibin A, B. pro aC and activin A assays 

Activin A, inhibit) A, B and pro aC were tested with a two- 
moDOclonal antibody solid-phase sandwich miemtitre plate 
enzyme-linked immunosorbent assay (Serotec, Oxford, UK) as 
described (Fowler et ui, 1998). The assay sensitivity was 100 pg/ml 
for activin A, 2 pg/ml for inhibin A, 15 pg/ml for inhibin B and 
2 pg/ml for inhibin pro CtC. Inter-plate and intra-plate coefficients of 
variation were all <I0%. Each value was normalized to the protein 
content of the corresponding cell lysate. 

HCG, oestradiot, oestriol and progesterone assays 

HCG was tested using a chemiluminescent immuuonietric assay 
(DPC, Belgium) according to the manufacturer's protocol. The assay 
has a sensitivity of 1.1 mlU/ ml. Intra- and inter-assay variation 
coefficients were <10%. Ocstradiol (BioMeneux, France), oestriol 
and progesterone (Amerlcx. Amersham, UK) were tested using 
radioimmunoassay, according to the manufacturer's protocol. The 
sensitivities were 7 pg/ml, 0.08 ng/ml and 0.1 nmole/1 respectively. 
The intra- and inter-assay coefficients of variation were: 6.3 and 8.8% 
mroestradiol, 2.7 and 6.7% for oestriol, 3.6 and 5.4% for progesterone. 
Each value was normalized to the protein content of the corresponding 
cell lysatc. 



3' Antisense L 



5'-CTCXXXjAGGCCTCTGCAGCAGGCGCAG-3 ' 502 

5'-GAGGTTGGCAAAGGGGCTATGGCCCCGCA'I-3' 786 

5 ' -GTGCAAGGAGGAGGCAGAGOCGGGGA(.'C(X-3' 6 1 7 

5'-CAAAGTTGTCATGGATGACCTTGGCCA-3' 195 



Statistical analysis 

Results are presented as mean ± SEM. Comparisons between days 
of culture were made using a one-way analysis of variance (Statview, 
Abacus concepts). In case of heterogeneous distributions (/' < 
: 0.05; analysis of variance), posl-hoc tests (Fisher's Protected Least 
Significant Difference) were used to compare subgroups. Correlation 
studies were performed with a correlation coefficient (Z-score). 

Results 

Isolation and purification of cytotrophoblast cells from term 
placenta yielded 1-2 X 10 s cclls/g wet weight of tissue. This 
represented -1-3% (by DNA content) of the placental tissue. 
The viability of these cells was >90% when assessed by 
Trypan Blue exclusion. By phase contrast microscopy, the 
cells appeared round (mean diameter 10-20 u.m) with a large 
nucleus and a poorly developed cytoplasm. The protein content 
of the culture remained constant throughout the 5 day culture 
period (71 1 ± 19 |ig per culture dish after 24 h, and 806 ± 
55 ^g.per culture dish after 120 h, F = 2.157, P - 0.12). 

Immunofluorescence study (Figure 1) showed that only 5.6 
± 0.6% of cells were labelled for vimentin (specific for cells 
of mesenchymal origin; Osborn et aL, 1983), at 24 h. Most 
cells were positive for the desmosomal protein, but remained 
monohucleated at 24 h, showing a pavement-like pattern. At 
48 h, immunofluorescence staining of desmosomal protein 
disappeared between some cell nuclei, as the cells became 
multinucleated. There was no difference between 48 and 72 h 
in syncytium formation. Although most cells were multinucle- 
ated, a limited number of mononucleated cells connected to 
syncytial cells by desmosomes were still present. Lmrnunoreac- 
tivity of placental alkaline phosphatase antigen (specific for 
syncytiotrophblast cells; Bulmer et aL. 1985). increased with 
days in culture but not all syncytial cells expressed this antigen. 

The mRNA expression level of the a, PA and 0B subunits 
were first studied in isolated cytotrophoblast cells before 
plating and over the 5 days of cell culture. Northern blot 
analysis of the a subunit showed a major 1 .54 kb mRNA and 
two minor mRNAs (3.15 and 5.51 kb). The reference GAPDH 
gene probe revealed a major 1.60 kb mRNA and a minor 
3.24 kb mRNA. Significant variations of the mRNA expression 
level of the a subunit (F = 77. 135, P < 0.001) were observed 
during the in-vitro transformation of cytotrophoblast cells into 
syncytium (Figure 2A and B). The expression was present 
before plating, with a slight increase after 24 h (P < 0.05). A 
marked increase was observed after 48 h (P < 0.001) with a 
maximum level after 72 h (P = 0.01) and a decrease was only 
observed at 120 h (P < 0.001). RT-PCR analysis showed 
similar results (F = 5.374, P = 0.003). 
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Figure 1. immunofluorescence study of human cylotrophoblasi ceils differentiated inio syncytium m wrro. I he nuclei are ^ ,,e ^ 1 * 
propidium iodide. Scale bars = 50 ftm. (A) Negative control. V.mentin immunolabelling (B) 24 ancHQ ^^ttJS^hite 
proicin inmumolabelling (D) 24, (E) 48 and (F) 72 h after plating. Alkaline phosphatase .mmunolabell.ng (G) 24. <H) 48 and (I) h alter 
plating. 



Northern blot analysis with the |JA snbunit probe showed a 
major 2.83 kb mKNA and five minor mRNAs (1.71, 3.6. 6.3, 
7.2 and 11.6 kb). Significant variations of their expression 
over the culture period were also observed (F - 20.263, P < 
0.001) (Figure 2 A and B). PA subunit expression was almost 
undetectable before plating, but showed a marked increase 
after only 24 h (P < 0.001). Another slight increase could 
also be observed after 72 h. (P - 0.016), followed by a 
decrease after 120 h (P < 0.05). RT-PCR analysis showed 
the same variations (data not shown). No pB subunit expression 
could be found either by Northern blotting, or by RT-PCR 
(data not shown). 

The secretory function of cultured cells was then evaluated 
by HCG. oestradiol, oestriol and progesterone release in the 
medium (Figure 3). Different secretion profiles were observed. 
HCG (Figure 3A) showed large variations with days of cell 
culture (F = 13.252, P < 0.001): the secretion had started to 
rise after 48 h (not significant), increased after 72 h (P < 
0.001). then declined (P = 0.05). Variations of oestradiol 
secretion (Figure IB) were also highly significant {F — 50.096, 
P < 0.001) but the secretion increased after only 48 h (P < 
0.05) with a maximum concentration after 72 h (P < 0.001) 
followed by a plateau. Oestriol was never detected in culture 
media. There were no significant variations in progesterone 
secretion (Figure 3C). 

The capability ofcytoirophoblast cells to produce and secrete 
inhibin A, B, pro aC and aclivin A during their syncytial 
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transformation in vino were then studied by measurement in 
culture media and cell protein extracts (Figure .3). Significant 
variations with days of culture were observed for inhibin A 
(Figure 3D: F = 17.571, P < 0.001) and inhibin pro aC 
(Figure 3E: F = 10.524, P < 0.001) in culture medium. 
Inhibin A was almost undetected after 24 h but had risen 
significantly after 72 h (P < 0.001} followed by a decrease 
observed after 120 h (P < 0.05). A similar profile was observed 
in cell protein extracts, with a significant rise after 48 h (P < 
0.001) and a maximum concentration after 72 h (P < 0.001). 
Inhibin pro o.C was detected from the first day of cell culture. 
After a small decrease after 48 h in cell culture medium (not 
significant), inhibin pro aC showed a significant peak after 
72 h in both culture medium (P = 0.005) and cell protein 
extract (P < 0.001). Activin A was detected from the first 
culture day, showed significant variations over days of culture 
only in cell protein extracts (F = 4.932, P < 0.005) with a 
peak after 72 h (P < 0.001) and a decrease at the end of the 
culture (P < 0.05). No inhibin B was detected in either culture 
medium and cell 'protein extract over the 5 day culture period. 

A relationship between gene expression and protein secretion 
was investigated using correlation analysis. With respect to 
inhibin A, there was a better coiTelation with the a subunit 
mRNA (r = 0.736, P < 0.001) compared to the |5A subunit 
mRNA (r = 0.420, P < 0.05). Similarly, activin A showed a 
better coiTelation with the p*A subunit mRNA (r ■- 0.755, 
P < 0.001) compared with the (X subunit mRNA {r = 0.494, 
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Figure 2. (A) Northern blot analysis. The main niRNA revealed with oligonucleotide probes for a, (5A and GAPDH before plating (day 0) 
and over the 5 day culture period (days 1-5) are presented. (B) Expression levels of inhibin and activin subunits inRNAs' before plating and 
over the 5 day culture period. Results are presented as density ratio to GAPDH mRNA hybridization after scan densitometry of Northern 
blot analysis (solid bars for a. subunit mRNA and open bars for [3A subunit niRNA). Values arc presented as mean ± SEM, a — 5. 
Statistically significant differences compared with the mean value on the previous day, *P <. 0.05 and **/' < 0.001 respectively. 



P < 0.05). Inhibin pro rxC was correlated wilh the a subunit 
mRNA (r = 0.475, P < 0.05) but not with the PA mRNA. 

Comparison between hormones tested in culture medium 
over the 5 days culture period showed highly significant 
correlation (P < 0.001) between HCG and oestradiol (r = 
0.761), inhibin A and HCG (r = 0.879), inhibin A and 
oestradiol (r — 0.779). inhibin A and inhibin pro dC (r = 
0.903) and activin A and progesterone (r = 0.796). 

Discussion 

To the best of our knowledge, this is the first quantitative report 
of inhibins and activin A expression in human trophoblast cells 
cultured in- vitro, at both mRNA and protein levels. The method 
used to isolate and purify cytotrophoblast cells from term 
placenta derives from a well-established method (Kliman et al.. 
1986). We used dispase H rather than trypsin for tissue 
dissociation because it is less harmful to cell membranes 
(Green et al., 1979; Keelan et al., 1994). Membrane integrity 
is known to be essential for cell attachment and subsequent 
cell fusion, and this was confirmed in the present study. 

Cell clumping was avoided by minimizing exposure time 
in trypsin (Karl et al., 1992), combined with filtration. As 
reported by others (Richards et al., 1994; Henson et al., 1996), 
isolated cells were also plated at high density to favour, 
syncytium formation (Ringler and Strauss, 1 990). The protein 
content in our cell culture conditions is comparable with other 
reports (Henson et al., 1996). 

By vimentin immunolabelhng, only 5% of cells in these 



cultures are of mesenchymal origin (fibroblasts, endothelial 
cells, macrophages, lymphoid cells; sec Osbom and Weber, 
1983). By 24 h after plating, most of. the cells contain 
desmosomnl protein, demonstrating epithelial origin (this 
antibody does not stain hemi-desmosomes). Syncytial trans- 
formation, suggested by the disappearance of desmosomal 
protein staining between adjacent cells, had occured after 48 h 
of cell culture (Douglas and King, 1990). The increasing 
number of trophoblast cells expressing alkaline phosphatase 
antigen, specific for syncytiotrophoblast microvillous mem- 
brane (Buhner and Johnson. 1985), parallels syncytium 
formation. 

However, the 72 h delay before significant increase in HCG 
or oestradiol suggests step-wise differentiation of trophoblast 
cells in vitro: aggregation, syncytium formation and functional 
maturation, in agreement with other reports (Bax et al., 1989; 
Ringler and Strauss, 1990). 

No expression of the fJB subunit mRNA was found in 
placental cells cultured in vitro. This confirms that inhibin B 
during pregnancy is mainly produced by decidual cells 
(Petraglia et al., 1990) or by fetal membranes (Wallace et al., 
1997; Riley et al., 2000). Previous studies yielded conflicting 
results about the cellular localization of inhibin products in 
placental tissue: syncytiotrophoblast for some (Minami et al., 
1992; McCluggage et al., 1998), cytotrophoblast for others 
(Petraglia et al.., 1987, 1991). According to the mRNA expres- 
sion of inhibin subunits in isolated cytotrophoblast cells before 
plating, only a significant a subunit expression with almost no 
PA subunit mRNA expression can be detected. Cytotrophoblast 
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Figure 3. Hormone secretion by trophoblast cells in culture. (A) HCG, (B) ooslKidiol, (C) progesterone. (D) inhibiu A. (E) inhibin pro aC 
and (F.) activin A in culture medium (open squares) and in cell protein extract (filled circles) were followed over (he 5 day culture period 
(medium changed daily). Values are normalized to ihe protein content of cell lysates. and are means ± SEM, n = 5. Statistically significant 
differences compared with mean values on the previous day. */> < 0.05 and **/» < 0.001 respectively. 



cells arc thus able to produce monomelic inhibin pro aC 
protein, but not dimeric inhibin A. The use of an antibody to 
a subunit explains the results shown in other studies. 

Correlation studies between gene expression and protein 
secretion lead us to suspect that inhibin A synthesis is mainly 
dependent on the expression of the oc subunit mRNA and not 
on the expression of the jJA subunit mRNA, which determines 
activin A synthesis. There is a parallelism between protein 
production and mRNA expression during Utmsformation 
in vitro of cytotrophoblast cells into syncytium. 

In this model, the rise in mRNA expression of inhibin a 
subunit observed at 48 h coincides with syncytium formation 
and the rise of inhibin A in cell extracts. Inhibin A released 
in culture medium showed a significant increase only after 
72 h. Therefore, the in-vitro differentiation of cytotrophoblast 
cells into syncytium shows multiple steps: cell aggregation, 
fusion into syncytium and production of a syncytial specific 
protein, followed by secretion of this protein in culture medium. 
We propose that a subunit mRNA expression is an early 
indicator of syncytium formation in vitro. 

Activin A secretion and pA subunit mRNA expression are 
different. Indeed, activin A secretion is present after only 24 h 
when most of the cells are aggregated. Cell protein extract 



and jiA subunit mRNA expression show only a slight increase 
with syncytium formation. Activin A mRNA could therefore, 
be an indicator of cytotrophoblast cell aggregation. This process 
requires cell movement and the presence of serum in the 
culture medium is thought to provide motility factors (Bloxam 
et al.. 1997). although differentiation also occurs in serum- 
free medium when cells are cultured on extracellular matrix- 
coated surfaces (Ringler and Straws. 1990). The presence of 
activin receptors on cytotrophoblast cells have been demon- 
strated (Peng et al., 1993) and Caniggia et al. have shown chat 
activin A stimulates the outgrowth of cytotrophoblast cells 
(Caniggia et at., 1997). Moreover, activin A activity is not 
. counterbalanced by inhibin A at this time of the culture. 
Therefore, activin A could also be implicated in the syncytium 
formation process, particularly in the aggregation step. 

The strong correlations between inhibin A and HCG or 
oestradiol, and between activin A and progesterone, suggest 
possible mutual interactions in their synthesis and secretion, 
as previously suggested for HCG and inimuuoreactive inhibin 
(Petraglia et al., 1987). Another possible explanation is the 
simultaneous synthesis of those hormones as the cells transform 
into syncytium. 

In conclusion, this study shows that the mRNA expression 
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of the a and |lA subunits parallels ijihibin and aciivin produc- 
tion in trophoblast cells. Inhibin A synthesis .seems to be 
dependent on a subunit mRNA expression and not on PA 
subunil inRNA expression, the latter controlling aciivin A 
synthesis. Isolated cytotrophoblast cells from human term 
placenta are not able to secrete dimeric forms of inhibin or 
activin. During transformation of cytotrophoblast cells into 
syncytium, pA subunit mRNA expression may be an indicator 
of cell aggregation, while a subunit mRNA expression may 
be an indicator of cell fusion. 



Aknowledgements 

Frederic Dcbicvc is Aspirant from the 'Fonds National de la Recherche. 
Scienlifique' (FNRS, Belgium) and research is supported by a grant 
from FNRS (grant 3.4501.97. FRSM). The authors are grateful to 
Professor RCourtoy for providing access to confocal microscopy 
(grant 9.4531.94, FNRS), scientific advice and critical reading of die 
manuscript. We are also grateful to H.KIiman tor his advice in 
trophoblast cells cultures. HPLC analysis was performed with the 
kind help of J.L.Vaerman and P.Moureau from the haematoJogical 
molecular biology laboratory. We also thank C.Bndet for her excellent 
technical assistance. 



References 

Aitkcn. D.A., Wallace. K.M.. Crpsslcy. J.A. et al. (1996) Dimeric inhibin A 
as 3 marker for Down's svndromc in early prcgnancv. N. Engl J. Med., 
334. 1321-1326. 

Bax. C.M.R.. Ryder. T.A.. Mobberley. M.A. et til. (1989) Uluasuttclurai 

changes and immunocytochemical analysis of human placental trophoblast 

during short-term culture. Placenta, 10. 179- 194. 
Bloxam, D.L., Bax, B.E. and Bax, C.M.R. (197) Culture of syncyliotioplioblast 

for the study of human placental transfer. Part !I: production. culture and 

use of syncyiiotrophoblast. Placenta. 18. 99-1 OS. 
Bulmcr. J.N. and Johnson, P.M. (1985) Antigen expression by trophoblast 

populations in die human placenta and their possible iimiMiiobioiogical 

relevance. Placenta. 6, 127-140. 
Caniggia. 1.. Lye. S.J. and Cross. J.C. (.1997) Activin is a local regulator of 

human cytotrophoblast cell differentiation. Endocrinology, 138. 3976-3986. 
Giomczynsld. P. and Sacchi, N. (1987) Single step merliod of RNA isolation 

by acid guanidinium thiocvanate-phenol-chlorofonu extraction. Ann. 

biochem.. 162, 156-158. 
Douglas. G.C and King, B.F. (1990) Differentiation of human trophohlast 

cells in vitro as revealed by iimnunocytochemicai staining of desmnplakin 

and nuclei. J. Cell. Sci.. 96, 131-141. 
Dvekslcr, (i.S., Basile. A.A. and Dieffcnbach, CAV. (1992) Analysis of gene 

expression: use of oligonucleotide primers for glyceraldehyde-3-phosphate 

dehydrogenase. PCR Methods Appl. 1, 283-28.V 
Fowler. P.A.. Evans, L.W., Groome, N.P. ct al. (1998) A longitudinal study 

of maternal serum inhibin-A. mhibin-B, activin-A, activin-AB. pro-«tC and 

follistatitt during piegnaucy. Hum. Reprotl., 13. 3530 3536. 
Green, H., Keliinde. O. and Thomas, J. (1979) Growth of cultured human 

epidermal cells into multiple epithelia suitable for gralling. Proc. Natl 

Acad. Sci. USA, 76, 5665-5668. 
Groome, N.P.. lllingwonh. PJ., O'Brien. M. e.i al. (1995) Quantification of 

inhibin pro-ttC-comaining forms in human serum by a new ultrasensitive 

two-site enzyme4inked immunosorbent assay. .1. Clin. Endocrinol. Metab., 

80, 2926-2932. 

llenson. M.C., Shi, W., Greene, S.J. el al. (1996) Effects of pregnant human. 

nonpregnant human, and fetal bovine sera on human chorionic gonadotropin, 

estradiol, and progesterone relca.se by cultured human trophoblast cells. 

Endocrinology, 137, 2067-2074. 
lllingwonh, P.J.. Groomc. N.P.. Colin Duncan. W. et al. ( 1996) Measurement 

of circulating inhibin forms during the establishment of pregnancy. J. Clin. 

Endocrinol. Metab., 81, 1471-1475. 
Jetikin. G., McFarlauc. J.R. and de Kretser. D.M. ( 1995) Implication of inhibin 

and related proteins in fetal development. Reprod. Eertit. Dev.. 7, 323-331. 



Karl. P.I.. Alpy, K.L. and Fisher. S.E. (1992) Serial enzymatic digestion 
method for isolation of human trophoblasts. [Letter to the Editor.) Placenta, 
13, 385-387. 

Keelan, J.. Marvin, K.W., Sato, T.A. et al. (1999) Concentrations of activin 

A. inhibin A and follislaliti in human amnion, choriodectdual and placental 

tissues at term and preterm. J. Endocrinol, 163, 99-106. 
Keelan. J.. Song, Y. and France, J.T. (1994) Comparative regulation of 

inhibin, activin ;md human chorionic gonadotropin production by placenta! 

trophoblast cells in culture. Placenta, IS, 803-818. 
Kliman, H.J., Nestler, J.E., Sermasi. E. et al. (1986) Purification, 

characterization, and in vitiv dilferentialion of cytotrophoblasts from human 

terra placentae. Endocrinology, 118, 1567-1582. 
Licht, P.. Cao. H., Lei. Z.M. et al. ( 1993.) Novel self-regulation of human 

chorionic gonadotropin biosynthesis in term pregnancy human placenta. 

Endocrinology. 133, 3014-3025. 
Massague. J. (1990) The transforming growth factor beta family. Ann. Rev. 

Cell. Hiol.. 6. 597-641. 
McCluggage, W.C., Ashe. P.. Mc Bride, 11. et al. (1998) Localisation of 

cellular expression of inhibin in trophoblastic tissue. Histopaihology, 32. 

252-256. 

Minami, S„ Yamolo, VI. and Nakano. R. (1992) Immunohislochemical 
localization ot'inhihin/acrivin subunits in human placenta. Obstet. (lynecol., 
80, 410-414. 

Muttukrishna. S.. Knight P.G.. Groome, N.P. et at. (1997) Activin A and 
inhibin A as possible endocrine markets for pre-eclampsia. Lancet, 34V, 
1285 1288. 

Osbom. M. and Weber, K. (1983) Tumor diagnosis by intermediate filament 
typing: a novel tool for surgical palholugy. I*jI>. Invest, 48, 372-394. 

Peng, C. Huang, T.H.J. . Jcu'ng. E.B. et al. (i993) Expression of the type 
If activin receptor gene in the human placenra. Endocrinology, 133, 
3046 3049, 

Petraglia, F. (1997) Inhibin, activin and follistarin in the human placenta - a 

new family of regulatory proteins. Placenta, 18. 3—8. 
Petraglia. E. Caiza, 1... Ganiti, G.C. et al. (1990) Presence and synthesis of 

inhibin subunits in. human decidua. J. Clin. Endocrinol. Metab.. 71. 487-492. 
Petraglia, F.. Garuti. G.C, Calza : L, er al. (1991) Inhibin subunits in 

human placeuta: localisation am! messenger ribonucleic acid levels during 

pregnancy. Am. J. Obstet. Gynecol. 16S. 750-758. 
Petraglia, E, Sawchenko. P., Lint. AT. et al. (1987) Localization, secretion 

and action of inhibin in human placenta. Science. 237, 187 -1S9. 
Richards. R.G.. Hanmun. S.M. and Handwerger. S. (1994) Human 

cytotrophoblast cells cultured in maternal serum progress to a differentiated 

syncytial phenotype expressing both human chorionic gonaduUopin and 

human placental lactogen. Endocrinology. 135. 321—329. 
Riley, S C.. Leask. R.. Balfour. C. et al. (2000) Production of inhibin forms 

by the fetal membranes, decidua, placenta and fetus at parturition. Ham. 

Repine/., 15, 578-583. 
Ringler, G.E. and Strauss 111, J.F. (1990) In vitro systems for the study of 

human placental endocrine function. F.nclocr. Re.v.. 11. 105-123. 
Roberts, A.B.. Flanders, K.C.. Kondaiah. P.. etai. (1990) Transforming growth 

factor beta : biochemistry and roles in cmbryogencsis. tissue repair and 

remodeling and carcinogenesis. Recent Pn>g. Harm. Res., 44, 157 !97. 
Vale, W.. Rivier. C. and Hsueh, A. (I9S8) Chemical and biological 

characterization of the inhibin familv of protein hormones. Recent Pwg. 

Harm. Res.. 44, 1-34. 
Voutilaincn, R.. Eramaa. M. and Ritvos, O. (1991) Hormonally regulated 

inhibin gene expression in human fetal and adult adrenals. J. Clin. 

Endocrinol. Metab.. 73, 1026-1030. 
Wallace. E.M., Riley. S C., Crossley. J.A. et al. (1997) Dimeric inhibins in 

amniotic fluid, maternal serum, and fetal serum in human pregnancy. 

J. Clin. Endocrinol. Metab., 82. 218-222. 
Ying, S.Y. (1988) Inlubitts, activins and foilistatins: gonadal proteins 

modulating the secretion of follicle-stimulating hormone. Endocr. Rev.. 9. 

267-293. 

Received on February 16. 2000: accepted on May 16. 2000 



749 



i 



PAGE 8/8 • RCVO AT 5/14/2007 8:51:17 AM [Pacific Standard Time] * SVR:SVCS01/1 * DNIS:6034 * CSID:(613) 991-5726 * DURATION <mm-ss):07-14 



From (613) 991-5726 



Order # 06859470DP05740243 Mon 14 May 2007 01:23:55 PM EDT 



Page 2 of 6 



Expression of Membrane Type Matrix 
Metalloproteinases 4, 5, and 6 in Mouse Corneas 
Infected with P. aeruginosa 

Zbong Dong, 1 Malkban Katar, 1 Sarah Alousi, 2 and Richard S. Berk 1 



Purpose. To Investigate the expression and regulation of mem- 
brane-typc matrix metalloproteinases (MT-MMPs) 4, 5, and 6 in 
the mouse corneas infected with Psendonionas aeruginosa. 
Minions. C57UI/6J mice were intraconically Infected with P. 
aeruginosa. The expression of MT4-, MT5 , and MT6-MM1' was 
detected at both the mRNA and protein levels by RT-PCR and 
immunoblot analysis. Immunol! istochemical staining was per- 
foniicd to localize the expression of MT4- and MT5-MMF in the 
mouse corneas. 

Rlsw.ts. Expression of MT4- and MT5-MMP was detected in the 
normal (uninfected) conica by RT-PCR and immunoblot anal- 
ysis. When infected with P. aeruginosa, the corneas showed 
significant induction of each MT-MMP. Localization of MT4- 
nnd MT5-MMP revealed that the expression of MT5-MMP was 
restricted to the epithelial tissue in the normal cornea, whereas 
the induced expression of MT4- and MT5-MMP was predomi- 
nantly in the substantia propria, which contained most of the 
infiltrating cells. MT6-MMP expression was not detected in the 
uninfected cornea but was uprcgulatcd in the infected corneas. 
Coiscusions. Expression of MT4-, MT5-, and MT6-MMP was 
induced in corneas infected with P. aeruginosa. Iminunohis- 
tochemlstry showed predominant immunoreactivity of MT4- 
and MT5-MMP in the substantia propria. Previous liistologic 
studies have revealed different patterns of inflammatory cell 
infiltration with an increased number of polymorphonuclear 
neutrophils (PMNs) during the early stage of inflammation and 
increased macrophages during the late stage. These results 
indicate a good correlation between the ovcrcxprcssion of the 
MT-MMPs in the infected corneas and the inflammatory re- 
sponse—that is, leukocyte infiltration— indicating that inflam- 
matory cells such as macrophages and PMNs may play a role, in 
the uprcgulation of MT-MMPs during corneal infection, which 
in turn can cause the destruction of corneal tissue. (Invest 
Opblbaltnol Vis Sci. 2001:42:3223-3227) 

Recently, siudics in our laboratory showed that membrane- 
type matrix metalloproteinases (MT-MMPs) 1 , 2, and 3 
were all upregulated in mouse corneas infected with P. aerugi- 
nosa and the peak of the induction correlated to the inflam- 
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matory events, suggesting the important role of MT-MMPs in 
corneal infection and destruction. 1 

MMPs arc a group of structurally related and zinc-dependent 
enzymes that play a crucial role in physiologic and pathologic 
processes, such as embryonic development, endometrial cy- 
cling, wound healing, rheumatoid arthritis, tumor invasion, 
and metastasis. 2 MMPs have been classified into five broad 
categories based on their substrate specificity and domain 
organization. They include coUagcnascs (MMP-1, -8, -13, and 
-18), stromelysins (MMP-3. -10, and -11), gclatlnases (MMP-2 
and -9). MT-MMPs (MMP-14, -15, -16, -17, -24, and -25), and 
other MMPs (MMP-7, -12, -19, -20, -2 1/22, and -2cV" 7 Since the 
first member was identified hy Sato et al. in 1994," the MT-MMP 
subgroup has grown rapidly and now has six members named 
after the transmembrane domains that anchor the molecules 
on the plasma membrane. 3 5 MT-MMPs are important in turn- 
over of the extracellular matrix (ECM), because of their dual 
functions. Similar to other MMPs, they directly cleave ECM 
proteins, including type I and III collagcns, iibronccttn, and 
laminin. hi addition, they activate other MMPs such as pro- 
MMP-2 (gclatinase A) and pro-MMP-1 3 (collagcnase 3) and form 
an enzymatic cascade for regulation of F.CM degradation.'-'' 

Although classified in the same subgroup, MT4-. MT5-, ami 
MT6-MMP are different from the other tltrec MT-MMPs in some 
respects. For example, MT4-MMP has the least sequence iden- 
tity with other MT-MMPs, except forMT6-MMT."' ,J Both MT4- 
MMP and MT6-MMP are predominantly expressed in leuko- 
cytes, and both are glycosylphosphatidylintisitol-anchorcd 



MMPs. 



in addition, MT4-MMP also shows TNH-a convcr- 



tase activity and can potentially process pro-TNl'-a to the 
17-kDa form." These characteristics of MT4-MMP and MT6- 
MMP suggest that they play a role in inflammation. However, 
the normal functions of MT4-, MT5-, and MT6-MMP remain 
unknown. Their expression and regulation in the cornea have 
not been reported. 

In the present study, we explored expression of newly 
identified MT4-, MT5-, and MT6-MMP in the corneas of naive 
C57HI/6J mice infected with P. aeruginosa. RT-PCR, immuno- 
blot analysis, and inimunohistochenucal staining revealed the 
significant induction of MT4- and MI'5-MMP expression at both 
the mRNA and protein levels in naive mice over an 8-day 
period. Similar results were obtained for MT6-MMP gene ex- 
pression using only RT-PCR due to the absence of available 
antibody to mouse MT6-MMP. 

Methods 

Bacteria 

Stock cultures of P. aeruginosa 19660 (ATGC, Ruckvillc, MD) were 
stored at 4"C on tryptose agar slants (Difcu Laboratories, Detroit, Ml) 
and were used for the Inoculation of 50 to 75 ml of broth medium 
containing 5% peptone (Ditto Laboratories) and 0.25% trypticase soy 
broth (BBI. Microbiology Systems, CocKcysvUJc, MD). Strain 19660 is 
hemolytic and lccitliinolytic and produces exotoxin A, alkaline pro- 
tease, and elastase under appropriate culture conditions. Cultures were 
grmvn on a rotary sliaker at S7'C for 16 to 18 hours, centril'ugcd at 
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8000 rpm at 4°C for 10 minutes, washed Willi normal saline (Travenol 
Laboratories, Cambridge. MA), and diluted to a concentration of 2 X 
10'° colony-forming units per milliliter. A standard curve was devel- 
oped to relate viable count9 to optical density at 440 nm. 

Infection of Animals and Corneal 
Sample Collection 

All animals were treated in accordance with the ARVO Statement for 
the Use of Animate in Ophthalmic and Vision Research. Age-matched 
C57BL/6J mice (Jackson laboratories, Bar Harbor, ME), each weighing 
18 to 22 g, were infected at 14 weeks of age. Before infection, tliey 
were lightly anesthetized with ether and placed beneath a stereoscopic 
microscope. The corneal surface was then gently incised with three 
l-iiuti incisions using a sterile 26-gauge needle, taking care not to 
penetrate the anterior chamber or to damage the sclera. A bacterial 
suspension (5 >il) containing 10" colony-forming units was topically 
delivered onto the wounded cornea using a micropipene with a sterile 
disposable lip. Mice were examined 24 hours later to verify infection. 
Controls consisted of scratched and unscratched mice that were unin- 
fected. 

At selected time points alter infection, mice were killed and cor- 
neas were excised. Individual samples consisted of 12 pooled corneas 
per lime point for RT-PCR and immunoblui analysis. Single corneas 
from different time points were used for immimohistochemical stain- 
ing and histologic study. Immediately after isolation, corneas wctc 
rinsed in sterile saline and then processed for the purpose of the 
clUTcrcni assays. Control mice were treated similarly. 

Semiquantitative RT-PCH 

Total RNA was extracted from the harvested corneas with extraction 
reagent (TRIzol, Gibeo, Grand Island, NY) according to the manufac- 
turer's instruction. The total RNA was dissolved in water treated wilh 
dicthylpyrocarbonate fl)EPC), ami the concentration was measured by 
a spectrophotometer (UV- 1601; Shimadzu. Kyoto. Japan). 'ITie samples 
were treaicd with DNasc I (0. 2 IJ/ul; Ambion, Austin, TX) to remove 
possible DNA contamination. All the reagents needed for RT-PCK were 
purchased from Pcrkin Ulmer (Morwalk, CD except Taq DNA poly- 
merase and the dNTP mixture, which were purchased from Gibeo. 

RT-PCR was performed as previously described. ' Briefly. UT was 
performed in 0.65-ml KNase-frce tubes under optimised conditions In 
a DNA thermal cycler (model 4H0; I'erkin iUmcr). Equal amounts of 
total UNA (500 ng) from each sample were used for this reaction. Tbc 
whole product of KT ill each rube was amplified by PCR. Cycle 
parameters were generally a l-mintite melting step at 95"C, a 1 -minute 
annealing step al 55"C, and a 2-mlnuie extension step at 72°C. Thirty 
cycles were selected for amplification of all target genes, based on 
icsults of the experiments that tested the linear range of amplification 
with different cycles. The following specific primers for MT4-, MT5-, 
and MT&M.V1I' were designed and prepared according to the available 
Information for these specific genes (Genrlattk, provided in the public 
domain by the National Center for Biotechnology information, Be- 
thesda. MD, and available at htrp://www.ncbi.nlm.nih.gov/genbank). 
because the mRMA sequence for mouse MT6-MMP has not been re- 
ported, the primers tor human MTd-MMP were prepared and used, 
assuming there is high homology between human and mouse MT6- 
MMP. The primers of mouse MT4-MMP (5'-TGG TCT GAT GGT GCA 
TCC. T.V3' and 5-TGC AGG AAC ATA CTG CCA GA-3') amplified a 
205-bp product (gene sequence 1550-1754); the primers of mouse 
MT5-MMP (5'-GTG ACA GCT CCC CAT TIG AT-3' and 5'-TAG AGT 
OCT CCA AGC CCA GT-3') amplified a 192-bp product (682-873); and 
the primers of human MT6-MMP (5-ATG GCC TGC AGC AAC TCT 
A'lXV and V-AGG GGC C1T TGA AGA AGA AA-3 ') ampliried a ~20O-bp 
product. Iherc were two negative controls: one widiout reverse tran- 
scriptase and the other one widiout specific primers. The housekeep- 
ing gene IBS RNA (Ambion) was also ampliried and used as an internal 
control for the comparison of all time point target genes. Finally, the 
amplified genes were resolved by 1% agarose gels and revealed by 
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elhidium bromide staining. RT-PCH for each MT-MMP was repeated at 
least mice. 

To confirm the specificity of the primers, the amplified DNA se- 
quences were subjected to restriction enzyme digestion. The 205-bp 
PCR product was treated with Smul (Gibeo), which recognizes the 
sequence CCCaGGG. The 192-bp product was treated with AHjo! 
(Gibeo), which recognizes the sequence aGATC. liach of them was 
incubated with respective enzyme (5 U) for 90 minutes, with different 
reaction buffer and at tliffercm tempcramre, according to the manu- 
facturer's instruction. The results were revealed by 3% agarose gel 
electrophoresis. 

The -200-bp PCR product was purified with a kit (MLnUluic; 
Qiagen. Valencia, CA) according to the manufacturer's instruction. Tlie 
concentration of the purified DNA wis measured by the spectropho- 
tometer at 260 nm. The purified DNA at a concentration of III ng/fit 
and human MTfrMMP primers at a concentration of 1 pM/u.1 were then 
prepared. The DMA samples were analyzed in inc. DNA Sequencing 
Facility at the Center fur Molecular Medicine and Genetics (Wayne 
State llnivcrsrty, Detroit, MI). 

Immunoblot Analysis 

Comea samples were Uinmediately frozen with liquid nitrogen after 
isolation from mice. To enrich the extracts with membrane-bound 
proteins. TBS-CM buffer (50 mM Iris IpH 7.5], 150 mM NaCJ. 1 mM 
CaClj, and 1.5% Triion X-l II) was used. Samples were homogenized 
with TBS-CM buffer on ice and then centrifuged at 12,000 rpm at 4"C 
for 2 minutes, The supernatant*, were collected and Incubated at 37 "C 
for 3 minutes, followed by centrifugation at 12,000 rpm for 2 minutes. 
Tlie detergent pliasc. which contained enriched membrane-hound 
proteins, was saved for immunoblot analysis. The concentrations of the 
total protein were measured with a hlclnchonlnic acid (UCA) protein 
assay. Uqual amounts of individual samples (5 ng) were mixed with 5 
ftl of 4X sample loading buffer (0.125 M TrisHCI [pH 6.R), 4% SDS. 
40% glycerol, and 0.02W, bromphenol blue) containing fi-mercapto- 
crhanol and boih'd for 5 minutes. 'Ihc samples and a prcstaincd mo- 
lecular weight marker (Bio-Had, CambridHe, MA) were clcetrophorcscd 
on 12% SDS gels and subsequently transferred to nitrocellulose mcro- 
brancs. The membranes were blocked for 30 minutes in blocking 
reagent (Blotto; Santa Cruz Biotechnology, Santa Cniz, CA; TBS, can-. 
raining 0.5% Tween 20, 3% nonfat, milk, and 2% bovine, scrum albumin) 
and then incubated with a polyclonal anti-human MT4-MMP (ABBS'!, 1 
/ig/ml; Chemlcon. Tcmecub, CA) and a polyclonal anti-human MT5- 
MMP antibody (AB924, 0.2 ug/ml; R&D, Minneapolis, MN), respec- 
tively, on a rocker at room temperature for 2 hours. The species 
reactivity for MT5-MMP is positive to both human and mouse accord- 
ing to the information from RSd). In addition, alignment of mouse M i -l- 
and MT5-MMP protein sequences with ihar of human revealed 82.0% 
and 92.6% of homology, respectively. Samples treated with nonim- 
mune (normal) rabbit IgG or without primary antibody I teat ment were 
processed as the negative control. Afterward, the blot was incuhated 
with anti-rahhit secondary antibody conjugated with horseradish per- 
oxidase (d.5 M#Anl; Roche Molecular liiochemicals, Indianapolis, IN) ut 
room temperature fur 1 hour. Finally, the blot was developed by a 
chemiluminesccncc kit (Amcrsham. Arlington Heights, IL), and Ml'4- 
and MT5-MMF were visualized as dark bands with corresponding 
molecular weights. Immunoblot analysis of each MT-MMP was re- 
peated at least twice. 

Immunohistochemical Staining 

Hie corneas, harvested on Clays 0 (uninfected) and 6 after infection 
(peak inflammatory response), were fixed with 10% buffered formalin 
overnight, dehydrated wilh increased concentrations of eihanol and 
100% xylene, infiltrated with paraffin overnight, and embedded in 
fresh paraffin. The tissues were sectioned (4 um) to prepare slides, and 
the slides were dcpanfiinlzed, rehydrated, and treated with proteinase 
K (Sigma, Si. louis, MO). Normal horse scrum and 3% hydrogen 
peroxide were applied separately to reduce nonspecific staining and to 
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remove endogenous peroxidase. The slides were treated with specific 
primary antibodies recognizing mouse MT4- and MT5-MMP (the same 
■is used for Immunoblot analysis) in a humidified chamber at roirni 
temperature for 2 hours, followed by subsequent treatment wilti a 
hiotinyiatcd anti-rabhii secondary antibody and the ABC reagents (Vec- 
tasiain; Vector laboratories, Burllngame, CA). Positive staining was 
exhibited by diaminobenzidine (DAB; Vector) treatment appearing as 
brown granules. 



MT4-MMP (68 kDs)-*- 




0 12 3 4 5 8 
Time (Day after Infection) 



Results 

Expression of MT4-, MT5-, and MT6-MMP 
in Mouse Cornea 

Semiquantitative RT-PCR was performed to determine whether 
normal mouse corneas contain mRNA for MT4-, MT5-, ;ind 
MT6-MMP and whether the MT-MMP expression is modulated 
by corneal infection. The corneas were 'harvested on days 0 
(control), 1 through 5, and 8 after infection and total RNA was 
prepared. As shown in Figure 1. the gene expression for MT4- 
and MTS-MMP was found in normal (uninfected) mouse cor- 
neas, whereas MTfvMMP was not detectable by human MT6- 
MMP primers in uninfected corneas. When mice were infected 
with P. aeruginosa, the MT4-MMP mRNA expression in the 
cornea remained the same on the first 4 days and was then 
induced on day 5, remaining high through day 8. The MT5- 
MMP mRNA expression in the cornea infected with P. aerugi- 
nosa did not change for the first few clays and then showed 
slight reduction until day 8, when significant induction of the 
MT5-MMP mRNA expression was observed. In contrast, RT- 
PCR results showed a ~200-bp inRNA segment that was am- 
plified by human MT6-MMP primers and peaked at day 4. UNA 
sequencing and alignment with human MTfvMMP revealed 
46.6% of gene homology of this DNA segment when compared 
with human MT6-MMP (tiara not shown). Jn addition, there 
was no significant similarity between the amplified DNA and 
other known genes. 

To verify the amplified MT-MMPs, the amplified DNA se- 
quences were subjected lo restriction enzyme digestion. The 
amplified MT4-MMP prtxluet was cleaved by .Vr«al at the site 
between base pairs 78 and 79, which generated two smaller 
pieces (78-bp and 127-bp bands). The amplified MT5-MMP 
product was hydrolyzed by .Vftol at the site between bp 64 and 
6*5, which generated two band*; of 64 bp and 1 28 bp (data not 
shown). 

There was no difference in any MT-MMP mRNA expression 
between the scratched corneas and the unscrutched corneas 
on day 0, indicating that conical abrasion did not affect the 
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TtGum 1. mRNA expression of MT1-. M'1'5-. and MT6-MMI' in mouse 
corneas iiifccicd with f. aeruginosa. 



0 13 5 7 
Time (Day after Infection) 

Figure 2. Protein expression of .VJT4- and MT5-MMP in mouse cor- 
neas infected with P. aeruginosa. 



mRNA expression (data not shown). In addition, negative con- 
trol samples (those not treated with reverse transcriptase or 
amplified without specific, primers) did not exhibit any MT- 
MMP expression (data not shown). 

To confirm MT-MMP expression at the protein level and to 
compare MT-MMP expression in the corneas at different time 
points during the infection, immunoblot analysis of corneal 
extracts was performed. As shown in Figure 2, MT4-MMP with 
a molecular weight of —68 WDa was detected in the uninfected 
mouse corneas (day .O sample), which had a molecular weight 
similar to human MT4-MMP identified in brain extracts. 11 In 
corneas infected with P. aeruginosa, the expression of MT4- 
MMP was gradually induced and remained at a high level on 
day 8. MTS-MMP expression in corneas was different from that 
of MT4-MMP. MTS-MMP with a molecular weight of -39 kl)a, 
probably the soluble species, was found In normal corneas.' 
The expression was reduced from day 1 through day 5 after 
infection. There was a significant induction of MTS-MMP ex- 
pression on day 7 after infection. These resulis were consistent 
with the gene expression of MT5-MMP during the infection. 

MI'-MMP expression at the protein level in the scratched 
corneas was comparable to that of the unscratched corneas tin 
day 0. No signals were detected In any negative control sam- 
ples (data not shown). 

Localization of MT4- and MT5 -MMPs 
in Mouse Corneas 

To localize MT-MMP expression in the mouse corneas, inimu- 
nohistochemical staining was performed using the conical 
samples of normal and infected mice. As shown in Figure 3, no 



MT4-MMP 



MTS-MMP 



sSflpP^fc Sag 

■ " Ss*i? at** 

Day 9 Day 6 

Tiro* (l)«y after Infection) 

KtcuM >. Localization (.arrows) of MT4- and MTS-MMP expression In 
mouse corneas infected with P. aeruginosa. 
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positive staining of MT4-MMP was found in the normal cornea, 
although immunoblot :iualysis showed a weak band of MT4- 
MMP on day 0 (normal cornea), perhaps because there is much 
less sensitivity in immunohistoctiemlcal staining than in immu- 
noblot analysis. On day 6, MT4-M.Y1P expression was localized 
in both epithelial tissue (weak positive staining) and substantia 
propria (strong positive staining). MT5-MMP expression was 
observed in corneas of normal mice, miiiniy localized in the 
epithelium. On the sixth day after infection, the distribution of 
MT5-MMP was not restricted to the epithelium but was also 
detected in the substantia propria. 



Discussion 

Corneal damage caused by P. aeruginosa infection starts with 
inflammatory reactions such as edema, leukocyte infiltration, 
and angiogenesis. With continuation of the inflammation, cor- 
neal ulceration may occur, and corneal perforation may even- 
tually take place because of the stromal dissolution. L6_,s One 
of the possible mechanisms responsible for corneal destruction 
is that both host and bacterial proteases contribute to the 
degradation of Bowman's membrane and the liCM, which leads 
to severe conical damage. Evidence for this hypothesis is based 
on the observations that purified proteases are able to cleave 
ECM proteins and that bacterial proteases can cause keratitis by 
activating host proteases. 19 ""' In addition, the two gclaiinascs 
MMP-2 and -9 have been identified in corneal tissues and 
shown to play a role in corneal ulceration and tissue remodel- 
ing in a noninfectious disease model. 21-1 * 

Although a nunilxT of studies have begun to reveal the 
effects of some MMPs on corneal tissues under physiological 
and pathologic conditions, little i.s known about the expression 
and regulation of M" f-MMPs in the cornea. Our recent work on 
MT1-, MT2-, and MT3-MMP showed that these three MT-MMPs 
arc all present in the normal mouse cornea and dial, there is a 
significant induction of each of them in the corneas of naive 
(unimmunized) mice intracomeally infected with I', aerugi- 
nosa, whereas the induction in the infected corneas of immu- 
nized mice reaches a much lower level and has a shorter 
duration. 1 

In the present study, we further investigated the expression 
and regulat ion of another three recently identified MT-MMPs — 
M'l '•!-, MTV, and MT6-MMP, in the mouse corneas infected with 
P. aeruginosa. MT4- and MT5-MMP were identified in the 
normal (uninfected) mouse cornea at both the mRNA and 
protein levels, whereas MT6-MMP was not detectable by RT- 
PCR. Similar to M i l-. MT2-, and MT3-MMP, expression of MT4-, 
MT5-, and MT6-MMP also showed a significant induction in 
corneas when mice were intracomeally infected with P. 
aeruginosa. However, the Induction pattern was different 
from that previously observed (MT1-, MT2-, and MT3-MMP). 
MT4-MMP expression in the infected corneas did not change 
dramatically until day 5 after infection. It was reported that 
MT4-MMP was mainly expressed by leukocytes, especially by 
monocytes and macrophages." Indeed, our data showed 
strong positive staining of MT4-MMP in the curnea on day 6 
after infection. Moreover, our previous histologic study also 
showed increased macrophage infiltration of the corneas dur- 
ing days 6 and 9 after infection. 1 Therefore, the infiltrating 
macrophages seemed responsible for the induction of MT4- 
MMP expression in the cornea during the late stage of the 
inflammation. Although MT5-MMP was primarily identified In 
human brain tumor," basal expression of MT5-MMP was also 
lound in our corneal studies, primarily localized in the epithe- 
lial tissue. 

Downregulation of MT5-MMP during the early stage of the 
infection (days 2-4) possibly resulted from injury of epithelial 
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cells, because they seem to be the only source of MT5-MMP in 
die normal cornea, according to our studies of immunohisto- 
chcmical staining. Later induction of MT5-MMP was probably 
also due to the infiltration of macrophages into the infected 
cornea. MT6-MMP, also called leukolysin, 12 was not detected in 
the norma! cornea by KT-FCK, but with infection, there was a 
significant induction of MT6-MMP expression in corneas. It 
was reported that MT6-MMP was predominantly expressed in 
leukocytes. 1 '' 12 Our data regarding MT6-MMP induction corre- 
late well with otir previous findings on corneal inflammation as 
quantified by bacterial numbers. PMNs measured by myeloper- 
oxidase, arachidonic acid metabolites, and cytokines.'""* 7 In 
addition, previous histologic studies showed that I'MNs peak at 
day 6 after infection and then diminish gradually, which has 
good correlation with the M1K5-MMI* induction pattern. 1 Thus, 
induced expression of MT6-MMT in the cornea may be pro- 
duced by PMTVs. 

As members of the MMP farruly, MT4- and MT5-MMP hydro 
lyzc a variety of ECM components, such as fibroncctin, gelatin, 
fibrinogen, fibrin, and proteoglycans. 11 ,2B The induced enzy- 
matic activity during the inflammation may cause degradation 
of the Bowman membranes and KCM components, leading to 
severe corneal damage. Similar to other MT-MMPs, MT4-, MT5-, 
and MT6-MMV are also capable of activating pn>MMP-2. *■"■''"' 
Ibcrcforc, the induction of these MT-MMPs in the mouse 
corneas infected with 1'. aeruginosa may also be responsible 
for corneal damage caused by other proteases diat arc acti- 
vated by these MT-MMPs. 
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Assessment of Proliferative Activity in 
Colorectal Carcinomas by Quantitative 
Reverse Transcriptase-Polymerase Chain 
Reaction (RT-PCR) 
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Rainer Broil, M.D., 1 Hans-Peter Bruch, M.D., 2 and 
Ute Windhovel, Ph.D. 1 
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of Lubeck, Lubeck, Germany 

ABSTRACT 

The monoclonal antibody Ki-67 and the isospecific monoclonal antibody MlB-1 are 
routinely used in oncology to assess the proliferation index of tumor cells. A more 
objective and sensitive method is the determination of the of Ki-67 protein-specific 
mRNA by quantitative reverse transcriptase-polymerase chain reaction (RT-PCR). 
In 25 resected colorectal adenocarcinomas of different stages and grades we deter- 
mined between 0.2 and4.4 amol ( 10'"* mol) Ki-67 protein-specific mRNA per micro- 
gram total RNA ( median = 0.88 amol). The corresponding Ki-67 indices (expressing 
the percentage ofKi-67/MIB-I positive tumor cells) ranged from 41 to 81% (median 
= 61%). We found a good correlation between Ki-67 index and mRNA expression 
(r = 0.75). a significant correlation between both data and tumor stage (primary 
tumor, regional nodes, metastasis [pTNM] staging classification) (p < 0.001), but 
not between both data and tumor grade. Both Ki-67 indices (p = 0.05) and mRNA 
levels (p = 0.014) correlated significantly to the patients' survival. Tlie.se results 
demonstrate that the Ki-67 protein-specific quantitative RT-PCR is a useful method 
for the characterization of tumor cell proliferation. 

KEY WORDS: Colorectal carcinoma; Immunohistocheinistry; Ki-67 antigen; 
MlB-i; Proliferation index; Quantitative RT-PCR. 
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Quantitative PCR in Coloreclal Carcinoma 
INTRODUCTION 

The monoclonal antibodies Ki-67 (1) and MIB-1 (2) 
are widely used for the immunohistochemical assessment 
of the growth fraction of lumor cells. Doth antibodies rec- 
ognize overlapping epitopes of a human nuclear protein 
that is exclusively expressed in proliferating cells (3). Cell 
cycle analyses revealed that cells in all active cycle phases 
(G,, S, G 2 , and mitosis) react with Ki-67 and MIB-1, 
whereas G 0 cells are consistently negative (4). Thus, with 
antibodies against the Ki-67 protein, a fast and reproduc- 
ible determination of the growth fraction of a given human 
cell population became possible with immunohistochemi- 
cal methods well within the scope of a routine pathology 
laboratory (5,6). The importance of Ki-67 for measuring 
the growth traction in clinical samples of human neo- 
plasms is particularly well illustrated by retrospective 
studies of, e.g., non-Hodgkin's lymphomas (7-10), hu- 
man breast carcinomas (11-13), lung carcinomas (14), 
soft-tissue sarcomas (15), and bladder tumors (16). For 
example, Gerdes et al. (7) found a significant correlation 
between the Ki-67 index and high- and low-grade non- 
Hodgkin's lymphomas. A similar correlation could be ob- 
served in soft-tissue sarcomas, for which the Ki-67 index 
proved to be of great additional prognostic value (15). 

Despite these well-documented diagnostic and prog- 
nostic applications, the Ki-67 protein has not been identi- 
fied in molecular terms for a decade. Recently, however, 
it has been shown thai Ki-67 detects two polypeptides of 
345 and 395 kDa in immunoblots of proliferating cells 
(17,18). Successful cloning and sequencing of the full- 
length Ki-67 protein cDNA (19) and gene locus (20) 
made it possible to examine the expression of the Ki-67 
protein gene. In our study we aimed to quantify the 
Ki-67 protein mRNA expression in fresh frozen tumor 
tissues of colorectal carcinomas and to determine the 
Ki-67 indices (expressing the percentage of Ki-67/M1B- 1 
positive tumor cells) in formalin-fixed and paraffin- 
embedded tissue sections immunohistochemically with 
MIB-1 of the same patients. The results of both methods 
were compared, and we correlated them to the primary 
tumor, regional nodes^ metastasis (pTNM) staging classi- 
fication, tumor stage, tumor grade, and patients' prog- 
nosis. 

MATERIALS AND METHODS 
Clinical Data 

Our retrospective study included 25 patients (13 fe- 
males and 12 males) with a median age of 68 years (47- 
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80 years). All patients had undergone surgery for a colo- 
rectal adenocarcinoma between 1994 and 1995 in the 
Surgical Clinic of the Medical University of Liibcck, 
Germany. Postoperative tumor staging was determined 
according to the pTNM classification system of the Inter- 
national Union Against Cancer (U1CC) (21). The distri- 
bution of the extent of disease according to the pTNM 
classification was as follows: stage I, 5 (20%); stage II, 6 
(24%); stage III. 7 (28%); and stage IV, 7 (28%). Sixteen 
patients had a moderately differentiated tumor (G2), 
whereas nine had poorly differentiated carcinomas (G3). 
Curative tumor resection (R0 resection), defined as the 
removal of all gross tumors and the demonstration of 
tumor-negative surgical margins by microscopic exami- 
nation of the total circumference of the resection line, 
was possible in 16 patients (65%). PaticnLs' data were 
documented at the time of surgical treatment between 
June 1994 and November 1995 and evaluated in 1999 
after a maximum of 54 months and a minimum of 45 
months. All patients had primary tumors. The follow-up 
period ranged from 1 to 54 months with a median of 49 
months. None of. the patients died within 30 days after 
surgery from postoperative complications. 

Immunohistochcniistry 

Tumor tissues had been fixed in 4.5% formalin and 
embedded into paraffin in a routine manner as surgical 
pathology specimens. The paraffin blocks were stored at 
ambient temperature before analysis, immunohistochem- 
istry was performed as described by Cattoretti et al. (22) 
with modifications. Four-micrometer sections of the par- 
affin blocks were dewaxed in xylene, rehydrated in 
graded alcohol, and pretreated for antigen retrieval in ci- 
trate buffer (pH 6) in a microwave oven (800 W) for four 
cycles of 10 min. Sections were iinmunostained with 
MIB-1 (a mouse immunoglobulin of the lgGl subclass; 
kindly provided by Prof. Dr. J. Gerdes, Molecular Immu- 
nology, Research-Centre Borstel, Germany) using the av- 
idin biotin complex method (hrp) with 3-amino-9-ethyl- 
carbazole as chromogen according to the manufacturer's 
recommendations (DAKO, Glostrup, Denmark) and 
counterstained with hematoxylin before mounting. 

Determination of the Ki-67 Index 

A minimum of two MIB-1 immunostained sections 
per patient were microscopically evaluated using a total 
magnification of 400 X and a 10 X 10 square grid placed 
in the microscope's eyepiece. Avoiding margins of sec- 
tions and areas of poorly presented morphology, areas 
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with the highest number of positive nuclei were chosen 
to evaluate the Ki-67 index (MIB-I labeling index), en- 
suring that the whole section was scanned. Any nuclear 
staining of tumor cells was considered to be positive. The 
Ki-67 index was determined in a minimum of five high- 
power fields per specimen by counting more than 500 of 
the total number of tumor cells per section. All specimens 
were examined independently by two experienced inves- 
tigators without knowledge of clinical or. pathobistologi- 
cal data. Cases with discordant results were reanalyzed 
to obtain a consensus. The Ki-67 index was calculated 
as the percentage of NUB- 1 -positive nuclei in relation to 
all tumor cell nuclei. Intraluminal variations of the Ki-67 
indices remained unconsidered. The Ki-67 indices were 
correlated to the results of the quantitative reverse tran- 
scriptase-polymerase chain reaction (RT-PCR), as well 
as to pTNM category, tumor stage, tumor grade, and pa- 
tients' survival. 

Isolation of Total RNA and RT Reaction 

Total RNA from fresh frozen tumor tissues, adjacent 
mucosa, or HeLa S3 cells (as positive control) was recov- 
ered by a modification of methods described by Chome- 
y.ynski and Sacchi (23) using Trizol* according to the 
manufacturer's instructions (Gibco BR]., Eggenstcin, 
Germany). A routinely hematoxylin/eosin (HE)-stained 
frozen section of the tumor was used to ensure that the 
tumor portion of the tissue was >90%. As negative con- 
trol we used tumor-free adjacent tissues from the same 
patient. The concentration and purity of RNA were deter- 
mined spectrophotometrically by measuring its absorp- 
tion at 260 and 280 nm. The RT reaction was performed 
with the Superscript kit according to the manufacturer's 
recommendations (Gibco BRL). Three micrograms total 
RNA and 0.5 tig po]y(dT) 12 . 18 -primer (Pharmacia Bio- 
tech. Freiburg, Germany) were used for each reaction. 
The resultant cDNA (100 u.1) was stored at -20°C until 
needed. 

PGR 

To determine the integrity of the RNA and the quality 
of the RT-reaction, a 296-bp fragment, of the housekeep- 
ing gene (^-microglobulin (EMBL accession no. J00 105; 
exon one to exon three) was amplified by RT-PCR. To 
exclude amplification of contaminating genomic DNA, 
the primer binding sites spanned intron number one or 
intron number two, respectively. The sequences of the 
primers were: 5'-ATCCAGCGTACTCCAAAGATT-3' 
(sense) and 5'-CATGTCTCGATCCCACTTAACTAT- 
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3' (antisense). PCR was performed in 100 U.I standard 
reaction volume containing 10 Hi of tricine buffer [300 
mM tricine; 20 mM MgCL; 50 mM P-mcreaptoethanol; 
0.1% (v/v) gelatin; 1% (w/v) polidocanol; pH 8.4]; 1 jjj 
of 20 mM dNTP (Pharmacia Biotech), 5 u.1 each of sense 
and antisense primer (20 uM), 0.5 u.1 Taq polymerase (5 
U/u.1, Gibco BRL, Eggenstein, Germany), and finally 10 
U.1 of the cDNA. The reaction mixture was overlaid with 
mineral oil and subjected to 35 cycles PCR in a TCI 
Thermocyclcr (Pcrkin-Elmer. Weiterstadt, Germany). 
The conditions were 2 min denaturation at 94°C,2 min 
annealing at 55°C, and 3 min extension at 72°C. with 
an additional 7 min of incubation at 72°C after the final 
extension. As a negative control for all PCR experiments, 
cDNA was replaced by water. The cDNA transcribed 
from niRNA of HeLa cells was used as positive control. 
PCR products (10 ul) were electrophoresed through 1% 
agarose gels prepared with 50 mM I ris-acetic add, 2 mM 
clhylenediaminetetraacetic acid (EDTA), pH 7.9 (TAE 
buffer) and visualized by ethidium bromide and UV light. 
Only samples with a constant visible 296 bp band of the 
amplified p*2nueroglobulin-cbNA were used for further 
evaluation in quantitative PCR of the Ki-67 protein gene. 

The sequences of the primers for the amplification of 
the Ki-67 protein cDNA (F.MBT, accession no. X65550) 
were (first round) sense 5'-GATGGAAGCTTCACGGG 
AAC-3' (exon 1.1) and antisense 5'-GAAGATAAAGG- 
CATCAAAGC-3' (exon 14) with an expected 1037-bp 
product; (second round) nested antisense primer with a 
5' overhang of the GCN4-protein binding consensus se- 
quence 5'-GGATGACTCATTCAAAGCAAACACCT 
GAC-3' (exon 13) and biotinylated nested antisense 5'- 
AGGGACCGAGTCTTGTAAT-3' (exon 14). A 416-bp 
product spanning intron 13 was expected. The compo- 
nents and conditions for the nested PCR were the same 
as described above with the exception that a 10 JJ.1 aliquot 
of the first-round product was used as template for the 
second round and that two rounds of amplification with 
30 cycles each were used. The competitive homologous 
standard (see below) was applied to the reaction mixture 
of the first round in a known amount (0.88 fg of the plas- 
mid corresponding to 0.27 amol (10"' s mol]). 

Construction of a Competitive Homologous 
Standard for the Ki-67 Protein Gene 

The standard (a fragment of the same size and se- 
quence as the native cDNA, but with an artificial ///«dIII- 
sitc) was constructed by site-directed mutagenesis using 
nested PCR with three primers and I ng of a cloned Ki-67 
protein cDNA fragment from HeLa cells as template. 
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The sequences of the primers were (first round) sense 5'- 
GATGGAAGCTTCACGGGAAC-3' (exon 13) and anti- 
sense 5'-TGCTGTTCTGCCTCAGTC-3' (exon 1 3), (sec- 
ond round) solely antisense 5'-GAAGATAAAGGCATC 
AAAGC-3' (exon 14). The components and conditions 
for the PCR were the same as described for nested PCR 
above, except that 15 cycles were used. The resulting 
1037-bp fragment was cloned in Escherichia coli using 
the 3.9-kb PCRIl™-vector (TA cloning kit, Invitrogen, 
Heidelberg, Germany). The plasmid containing the stan- 
dard was purified with QIAprep (Qiagen, Hilden, Ger- 
many). 

Quantification of PCR Products 

The PCR producLs were subjected to spin column puri- 
fication (QIAquick PCR Purification Kit, Qiagen) and di- 
vided into two aliquoLs — one was incubated with the re- 
striction endonuclease Mndlll to complelc digestion, 
while the other remained undigested. All digested and 
undigested products were subjected to the CAPTA- 
GENE IM -GCN4 enzyme-linked immunosorbent immu- 
noassay (ELISA) (Pharmacia Biotech) according to the 
manufacturer's recommendations. In brief, the 5' over- 
hang of the GCN4-protein binding consensus sequence 
was specifically bound to the bottom of a 96-well ELISA 
plate. After extensive washings, the approximate 5' biotin 
residue of the antisense strand was used as iarget for a 
streptavidirie alkaline phosphatase-mediated color reac- 
tion. The absorbency at 450 nm and the background cor- 
rection at '620 nm were measured in doublets using an 
appropriate reader (SLT, Grodig, Austria). The absor- 
bency resulting from the digested aliquot corresponds to 
the amount of native cDNA, whereas the difference of 
the absorbency of digested and undigested aliquots corre- 
sponds to the amount, of the standard. The result of the 
standard was then used to normalize the data of the nati ve 
cDNA. 

To confirm the PCR products as Ki-67 protein gene 
specific, nucleotide sequences of PCR products from 
five randomly chosen patients with a colorectal tumor 
were examined by automatic fluorescent dideoxy cycle- 
sequencing using a Li-Cor 4000L automatic fluorescence 
DNA sequencer (Li-Cor, Lincoln, NE) according to the 
manufacturer's recommendations. The sequences ob- 
tained were aligned with the published sequence (20). 

Statistical Analysis 

For quantification of the PCR products, all samples 
were measured twice and the mean data were calculated. 



If the SD of the determined data exceeded 20%, an addi- 
tional measurement was necessary. The results of the 
quantitative RT-PCR were correlated to the Ki-67 indi- 
ces, as well as to pTNM category, tumor stage, tumor 
grade, and patients' survival. Survival data were obtained 
from the tumor surveillance program of our clinic. Statis- 
tical evaluation was carried out with the SPSS program 
package (SPSS GmbH Software, Munich, Germany). 
The Wilcoxon matched-pairs signed-rahk test was used 
to evaluate significant differences of the Ki-67 index and 
the Ki-67 protein mRNA ievel versus pTNM categories, 
tumor stage, and tumor grade. Survival rates of patients 
were calculated by the meth<kl of Kaplan and Meier (24). 
Patients who were alive at the last follow-up evaluation 
were censored at that lime. Differences in survival be- 
tween groups of patients with low data (less than median) 
and high data. (greater than or equal to median) were esti- 
mated using the log-rank test. A p value 0.05 was con- 
sidered significant. 



RESULTS 

In this study- we investigated tumor tissues from 25 
patients with a colorectal adenocarcinoma. MTB- 1 -posi- 
tive tumor cells showed a clear red staining of (heir nu- 
clei, whereas staining of the cytoplasm was not observed. 
In normal and adjacent mucosa we found MlB-l-stained 
nuclei in cells of the proliferation-active zone at the bot- 
tom of the crypts. In contrast to the normal or adjacent 
mucosa, tumor specimens revealed a different pattern of 
M1B-1 staining. A great intratumoral heterogeneity of 
stained tumor cell nuclei was observed. Areas showing 
a high proliferative activity and areas of low occurrence 
of stained tumor cells could be found. A clear morpho- 
logical distinction between tumor cells and other cells 
was always possible. 

The Ki-67 indices of the investigated tumors ranged 
from 42 to 84% with a mean Ki-67 index of 60% (median 
= 61%). We found a correlation between the Ki-67 index 
and the tumor stage (p < 0.001), between the Ki-67 index 
and the depth of tumor invasion (/> = 0.032), and be- 
tween the Ki-67 index and tumors with and without 
lymph node metastases (p < 0.001) (Table 1). Patients 
having distant metastases had a higher median Ki-67 in- 
dex (72%) than patients without metastases (53%) (p = 
0.001). We found no correlation of the Ki-67 index to 
tumor grade. 

Forty percent (10 of 25) of the patients died during the 
median follow up time of 49 months. To find a possible 
correlation between the Ki-67 index and patient's prog- 
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Table J 

Statistics of tlie Ki-67 Indices and Ki-67 mHNA Levels 



Tumor Characteristic 


Patients (ti) 


Median 
Ki-67 Index 


p Value 


Median 
Ki-67 mRNA" 


p Value 


Total 


25 


61% 




0.88 amul 




Stage 1 and 11 


II 


47% 


<0.001 


0.31 


<0.001 


Stage III and IV 


14 


67% 


<0.001 


1.06 


< 0.001 


Grade 2 


16 


63% 




0.87 amol 


b 


Grade 3 . 


9 


59% 


ti 


0.97 amol 


b 


pTNM categories 












T1/T2 


7 


47% 


0.032 


0.26 amol 


0.014 


T3/T4 


19 


65% 






0.014 


NO 


11 


47% 


<0.001 


0.31 amol 


<0.00l 


N1/N2/N3 


14 


67% 


<0.001 


1.06 amol 


<0.001 


MO 


18 


53% 


0.001 


0.62 amol 


0.004 


Ml 


7 


72% 


0.001 


i.08 amol 


0.004 



' Dulu equivalent to 1 ng total KNA. 
'' Not significant. 



nosis, we compared patients with a median index (61%) 
or less 'to patients with an index higher than the median. 
The overall survival rates [Fig. 1(a)] indicated a signifi- 
cantly better prognosis for the group with the lower 
Ki-67 index (/> ^ 0.05). ' 

For the quantification of the RT-PCR products we 
chose an ELISA, which has the advantages of low cost, 
easy processing, and fast handling. As a positive control 
for all PCRs and as a template for evaluation of the sensi- 
tivity of the ELISA, we used cDNA from HeLa cells 
(data not shown). Serial dilutions of this template resulted 
in a linear absorption .range for the ELISA from about 



Survival rate [%] 



A m ='0.1 to Aj<o - 2. 0. The usable dynamic range for 
the quantification of PCR products was about, one decade: 
This made it necessary to dilute the cDNA of those sam- 
ples with Ki-67 protein mRNA content of more than 1.5 
amol in a ratio of at least 1 :5. For the investigation of 
tissue material, we found the optimal amount for the 
added competitive standard plasmid to be 0.8-1.0 fg. All 
cDNA samples used for quantitative PCR showed a con- 
stant visible 296-bp band when amplified with the |}2- 
microglobulin primer, indicating that the procedures of 
RNA isolation and RT-rcacuoii had no influence on the 
quantification. 



Survival rate |%| 




Ki-67 mRNA ' 

— a 0.88 amol 

— < 0.88 amol 
• ■ censored 

40 SO 60 
Time |months| 

Figure 1. Survival curves of 25 patients with a colorectal carcinoma, (a) Significant difference in survival rates between patienis 
wilh a Ki-67 index <6l% and 2:61% (p = 0.05). (b) Significant difference in survival rates between patients with a Ki-67 protein 
mRNA level <0.8S amol per microgram total RNA and 5:0.88 amol per microgr.im total RNA (p = 0.014). 
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Figure 2. Correlation of Ki-67 protein mRNA expression to 
Ki-67 indices (r = 0.75). 



For all investigated tumors the mean total content of 
the Ki-67 protein mRNA was 1.09 amol in 1 u.g of iso- 
lated total RNA (median = 0.88 amol). The content var- 
ied in a wide range from 0.2 to 4.38 amol. Similar to the 
Ki-67 index, we found significant correlation between the 
Ki-67 protein mRNA level and the tumor stage (p < 
0.001), between the Ki-67 protein niRNA level and the 
depth of tumor invasion {p - 0.014), between the Ki-67 
protein mRNA level and tumors with and without lymph 
node metastases {p < 0.001), and between the Ki-67 pro- 
tein mRNA level and tumors of patients with and without 
distant metastases {p = 0.004) (Table 1). We found no 
correlation between the Ki-67 protein mRNA level and 
tumor grade. The correlation between the Ki-67 protein 
mRNA levil and patients' prognosis is shown in Fig. 
1(b). The overall survival rates exhibited a sigmficantly 
better prognosis for the group with lower Ki-67 protein 
mRNA level than the median (p - 0.014). The Ki-67 
indices correlated welt to the Ki-67 protein mRNA levels 
(correlation coefficient r — 0.75) (Fig. 2). 

As a control we investigated 10 randomly chosen sam- 
ples of tumor-free adjacent tissues from the patients. In 
these adjacent tissues we measured <0.1-0.6 amol (me- 
dian = 0. 1 amol) of Ki-67 protein mRNA per microgram 
total RNA. However, the content was always lower (0^1- 
45%) in comparison to the corresponding tumor. Five 
randomly chosen tumor samples were sequenced to .con- 
firm the RT-PCR products as Ki-67 protein specific. The 
nucleotide sequences of all RT-PCR products examined 
were identical to the published cDNA sequence (20) 
(data not shown). 

DISCUSSION 

Therapeutic decisions for cancer patients are often 
made on the basis of prognostic factors. In addition to the 
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traditional pTNM classification, other factors have been 
validated for routine clinical use, e.g., expression of tu- 
mor suppressor genes and oncogenes. The influence of 
the proliferation rate of tumor cells on patients' survival 
has been discussed for a long time and this rate is consid- 
ered to reflect the course of tumor disease. Proliferative 
activity of tumors can be determined by various methods, 
e.g., by measuring the doubling time, by calculating the 
labeling index after 'H-thymidine or bromodeoxyuridine 
incorporation, by calculating the mitotic index, or by us- 
ing cytometry. Flow cytometric determination of S-phase 
cells is expensive and technically difficult. The other 
techniques are time consuming and generally impractical 
for most clinicians. 

Currently, pathologists are evaluating proliferation 
indices almost exclusively by immunohistochemical 
means. The monoclonal antibody Ki-67 has been shown 
to be a reliable marker for proliferation, but its use was 
limited to frozen specimens (5) and previous studies with 
Ki-67 were often performed on a small number of cases. 
Recently, this, disadvantage was overcome, because the 
monoclonal antibody MIB-1 is able ; to -recognize the 
same antigen on formalin-fixed and paraffin-embedded 
sections (2). 

In colorectal carcinomas the proliferative activity of 
tumor cells was determined in several investigations with 
different methods. With the help of monoclonal antibod- 
ies against the Ki-67 protein, a wide range of prolifera- 
tive indices for colorectal carcinomas was published: 
Porschen et al. (25) investigated 52 colorectal carcinomas 
of patients who had not been treated before operation by 
radiotherapy or chemotherapy and deiermined a mean 
Ki-67 index of 38 ± 18.4% (7.7-75.3%). Kubota et al. 

(26) assessed 100 colorectal carcinomas and found a me- 
dian of 34.6 ± 22% with Ki-67, whereas Diebold et al. 

(27) measured 52.8 ± 8.7% (« = 6) with MIB-1 . Jansson 
and Sun (28) investigated .255 colorectal adenocarcino- . 
mas irnmuhohistochemically with MIB-1 and found that 
62% of the cases had more than 50% positive tumor cells. 
They did not find a significant relationship between Ki- 
67 expression and sex, age, tumor location, Dukes' stage, 
growth pattern, differentiation, DNA content; S-phase 
fraction, or survival (p > 0.05). Ofner et al. (29) deter- 
mined MIB-1 labeling indices in a series of 106 colo- 
rectal carcinomas with three different evaluation meth- 
ods: semiquantitative estimation (19.2% of the cases had 
more than 50% positive tumor cells), image analysis (0- 
59%; mean = 23.8%), and cell count (0-73%; mean = 

3 1 .9%). They stressed that determination of growth rates 
by MIB-1 labeling indices offers neither reproducible re- 
sults nor clinical relevance in colorectal adenocarcino- 
mas. Although for many tumor entities it has been shown 
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that high proliferative activity correlates with poor clini- 
cal outcome, for colorectal adenocarcinoma this has been 
reported in only a few publications (e.g., references 30 
and 31). 

In our study we immunohi.stochernically determined 
a median Ki-67 index of 61% (42-84%) with MIB-1, 
which seems to be in the upper range of previously pub- 
lished data. In contrast to many publications mentioned 
above, we could demonstrate a correlation between 
proliferative activity and clinical outcome (/> < 0.05), 
but our results have to be interpreted carefully, because 
of the small number of the patients included in this 
study. 

The studies mentioned above cannot be well com- 
pared, because the patient selection and the methods of 
data interpretation were quite different. Moreover, for 
predictive purposes patients arc included in studies, re- 
gardless of whether they received preoperative or postop- 
erative chemotherapy or radiotherapy, and the death of a 
patient was recorded without any information on the 
cause. In addition, the mean age of patients with a colo- 
rectal carcinoma is usually higher than for those with 
other tumor entities. These reasons may explain why the 
rate of survival was independent from the Ki-67 protein 
expression in most of the examinations. However, some 
authors believe that a true proliferation rate in neoplasia 
cannot be. measured imiriunohistochcmically because it 
is a function of both growth fraction and the time required 
for completion of the cell cycle (28,32). 

We hypothesize that some of the problems related to 
the use of antibodies as proliferation markers may be 
solved by quantifying gene expression by quantitative 
RT-PCR: (i) Most tumors consist of heterogeneous cell 
populations, and therefore tumor cell proliferation may 
greatly vary inlratumorally (5.33,34). The assessment of 
Ki-67 protein mRNA levels by quantitative RT-PCR may. 
overcome the drawback of intratuinornl heterogeneity, 
because a complete segment (>20 mg tissue) of the tu- 
mor is used for isolation of mRNA. The reliability will 
be improved if more than one sample from different non- 
necrolic intratumoral regions is assessed by an experi- 
enced pathologist, (ii) The Ki-67 protein is expressed 
during all active cell phases (G,, S, G 2 , and M) and, con- 
sequently, may be expressed in cells arrested in G|/S or 
G 2 /M as demonstrated with cell cultures by using syn- 
chronizing inhibitors (32). During anaphase and telo- 
phase the Ki-67 protein rapidly decreases (35), but from 
G|/S to G 2 /M phases it seems to be stabilized, e.g., by 
post-translational modifications and/or prohibition of 
degradation. In conclusion, not all cells containing the 
antigen must be actively proliferating. G,/S or G 2 /M cell 



cycle arrested tumor cells do not need to express mRNA 
for the Ki-67 protein. Therefore, assessment of mRNA 
levels may also eliminate the problem of. detectable 
Ki-67 protein in nonactively proliferating cells. (iii)The 
use of immunohistochemical markers often depends on 
a subjective assessment of specimens. Depending on the 
quality of fixation and labeling, even experienced pathol- 
ogists will find different results on the same sections. De- 
termination of mRNA levels is a more objective method, 
and will give reproducible results independent from the 
investigator's experience. 

This is the first report on the assessment of tumor cell 
proliferation by quantitative. RT-PCR. Since the introduc- 
tion of the PCR, the number of reports using quantitative 
RT-PCR for mRNA analysis has increased substantially 
and it has become a routine procedure in many labora- 
tories. One major drawback of the quantitative RT-PCR 
method is that it is impossible to localize the cellular 
source of the signal. If the investigated gene is also ex- 
pressed in nontarget cells, results arc indistinguishably 
influenced by a background signal. In adjacent colon tis- 
sue we measured relatively low amounts of Ki-67 protein 
mRNA, despite die fact that mucosa and submucosa nor- 
mally contain proliferating cells. We assume that prolif- 
erating nontumor cells express the Ki-67 protein and its 
mRNA on a much lower level man tumor cells. There- 
fore, unavoidable contamination of tumor samples with 
adjacent tissue would have only insignificant influence 
on the quantification of the Ki-67 protein mRNA expres- 
sion of tumors. Actively proliferating cells of the immune 
system localized in the tumor stroma or the adjacent co- 
lon can also contribute to the signal, but wc speculate 
that the influence is also low. 

In our pilot study, in which we investigated 25 colo- 
rectal adenocarcinomas by Ki-67 protein RT-PCR and 
immunohistological staining with MIB-1, wc could 
clearly demonstrate that quantitative RT-PCR is an ob- 
jective alternative method to determine the proliferative 
activity of tumor cells in contrast to immunohistochemis- 
try. The performance of RT-PCR combined with ELISA 
for the quantification of the expression of cDNA encod- 
ing for the Ki-67 antigen provides several advantages 
over previous methods used for quantification in clinical 
tumor research. The application of ELISA decreases the 
time and costs of quantification in many cases. The time 
needed from surgical tumor resection to the quantifica- 
tion of the cDNA was less than 48 hr. 

However, future investigations have to show whether 
the Ki-67 index is an independent prognostic marker for 
colorectal adenocarcinoma and whether the quantitative 
RT-PCR is useful to clinical investigations. 
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Summary 

Dietary carbohydrates, when digested and absorbed in the 
small intestine of the horse, provide a substantial fraction of 
metabolisable energy. However, if levels in diets exceed the 
capacity of the equine small intestine to digest and absorb them, 
they reach the hindgut, cause alterations in microbial 
populations and the metabolite products and predispose the 
horse to gastrointestinal diseases. We set out to determine, at the 
molecular level, the mechanisms, properties and the site of 
expression of carbohydrate digestive and absorptive functions 
of the equine small intestinal brush-border membrane. We have 
demonstrated that the disaccharidases sucrase, lactase and 
maltase are expressed diversely along the length of the intestine 
and D-glucose is tr ansported across the equine intestinal brush- 
border membrane by a high affinity, low capacity, Na + /glucose 
cotransporter type 1 isoform (SGLT1). The highest, rate of 
transport is in duodenum > jejunum > ileum. We have cloned 
and sequenced the cDNA encoding equine SGLT1 and 
alignment with SGLT1 of other species indicates 85-89% 
homology at the nucleotide and 84-S7% identity at the amino 
acid levels. We have shown that there is a good correlation 
between levels of functional SGLT1 protein and SGLT1 mRNA 
abundance along the length of the small intestine. This indicates 
that the major site of glucose absorption in horses maintained 
on conventional grass-based diets is in the proximal intestine, 
and the expression of equine intestinal SGLT1 along the 
proximal to distal axis of the intestine is regulated at the level of 
mRNA abundance. The data presented in this paper are the 
first to provide information on the capacity of the equine 
intestine to digest and absorb soluble carbohydrates and has 
implications for a better feed management, pharmaceutical 
intervention and for dietary supplementation in horses 
following intestinal resection. 

Introduction 

The horse is a nonmminant herbivore and fermentation of plant 
fibre in the equine large bowel, by resident microflora, results in 
the formation of short chain fatty acids, which provide a large part 
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of the horse's energy requirement. Today's horse, however, is 
subjected to an increasingly artificial diet that contains high levels 
of concentrates (grain) which, when digested and absorbed in the 
small intestine, can provide a substantial fraction of metabolisable 
energy (Alexander 1955; Argenzio and Hintz 1972). However, if 
levels and components of these diets exceed the ability and 
capacity of equine small intestine to digest and absorb them, they 
reach the large bowel, cause alterations in microflora and the 
fermentation products, and predispose the horse to gastrointestinal 
disturbances. Any gut dysfunction in horse is threatening, because 
it can precede colic, the main cause of equine mortality (Hintz and 
Cymbaluk 1994). 

In nonruminant species, digestible dietary carbohydrates are 
hydrolysed in the intestinal lumen by pancreatic a-amylase and 
brush-border membrane disaccharidases, sucrase, maltase and 
lactase, to the monosaccharides, D-glucose, D-fructosc and 
D-galactose. These monosaccharides are absorbed across the 
enterocyte brush-border membrane by specific monosaccharide 
transporters (Shirazi-Beechey 1995). 

Very little information is available on the mechanisms and 
intestinal sites of carbohydrate digestion and absorption in the 
equine intestinal tract. This knowledge is critical for assessing the 
ability and capacity of the equine intestine to digest and absorb 
carbohydrates, in order to better understand the pathogenesis of 
intestinal disease and improve feed management. 

The majority of studies relating to carbohydrate digestion and 
absorption to date have been based on whole animal feed 
experiments (Argenzio and Hintz 1972; Roberts 1975). While 
these studies have improved our understanding of carbohydrate 
metabolism in the horse, the complexity of whole body balance 
studies would not reveal the processes operative at the molecular 
level. In this study, we have set out, for the first time, to determine 
the digestive and absorptive capabilities of equine small intestine 
at the cellular and molecular levels. 

Materials and methods 

Collection of tissue' 

Intestinal tissue, from 23 mature horses (age >4 years) maintained 
on a grass-based diet, was collected from the local abattoir within 
15 min of slaughter; none were geriatric. Sections of small - 
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intestine, approximately 20 cm in length, were removed from the 
proximal (30 cm distal to the pylorus), mid (halfway along the 
small intestine) and distal (30 cm proximal to the ileocaecal 
junclion) intestine. Sections were opened longitudinally, rinsed in 
ice-cold 0.9% (w/v) NaCl, pH 7.4, and blotted with paper towels 
to remove excess mucus. A fresh sample of intestine was fixed in 
4% (w/v) phosphate buffered paraformaldehyde, for histology, 
and the mucosa of the remainder of the same tissue was then 
removed by scraping. The mucosal scrapings were wrapped in 
aluminium foil and frozen immediately in liquid nitrogen. 
Following transportation to the laboratory, frozen tissue samples 
were stored at -80°C until use. Mucosal scrapings from tissues that 
were shown to be intact, i.e. with epithelial cells attached to the 
muscularis mucosa, as revealed by histology, were used. 

Isolation of brush-border membrane vesicles 

Brush-border membrane vesicles (BBMV) were prepared from 
equine small intestinal mucosal scrapings using a method based on 
that of Shirazi-Beechey et al. (1988, 1990). Briefly, mucosal 
scrapings were thawed in a solution (100 mmol/1 mannitol, 
2 mmol/1 HEPES/Tris, pH 7.1), containing a cocktail of protease 
inhibitors (Complete protease inhibitor cocktail tablets; D-glucose 
UV test Kit) 1 (Rowell et al. 1997). The mucosal scrapings were 
homogenised for 2 x 1 min in a Waring blender at the highest 
setting. The volume was made up to 100 ml with the same buffer, 
MgCIj was added to a final concentration of 10 mmol/1 and the 
homogenate was stirred for 20 min, on ice. The homogenate was 
centrifuged at 5000 g (3000 rpm, Sorvall SS 34 rotor) for 10 min in 
a Sorvall RC 5C+ centrifuge (Sorvall RC 5C+ centrifuge) 2 . The 
pellet was discarded and the supernatant centrifuged at 30,000 g 
(16,000 rpm, Sorvall SS 34 rotor) for 30 min. The resulting pellet 
was resuspended in 35 ml solution containing 100 mmol/1 mannitol, 
2 mmol/1 HEPES/Tris, pH 7.4, 0.1 mmol/1 MgS0 4 , using a 
Potter/El vejhem hand-held homogeniser and centrifuged at 30,000 g 
(16,000 rpm, Sorvall SS 34 rotor) for 45 min. The final pellet, 
containing purified brush-border membranes, was resuspended in a 
small volume of isotonic buffer (300 mmol/1 mannitol, 20 mmol/1 
HEPES/Tris, pH 7.4, 0.1 mmol/1 MgS0 4 , 0.02% [w/v] NaN 3 ) by 
passing through a 27 gauge needle several times. The BBMV were 
divided into aliquots and stored in liquid nitrogen, until use. All 
steps in the procedure were carried out at 4"C. 

Estimation of protein 

Protein concentration was determined by its ability to bind 
Coomassie Blue, according to the Bio-Rad assay technique 
(Tarpey et al. 1995). Bovine y-globulin (1-100 ftg protein) was 
used as the standard. 

Enzyme assays 

Sucrase, maltase and lactase activities were measured at 38°C 
(equine body temperature) in the original cell homogenates and 
final brush-border membrane fractions, as described previously 
(Dahlqvist 1964; Shirazi-Beechey et al. 1989, 1990). D-glucose, 
released as a result of the hydrolysis of disaccharide substrates 
(sucrose, lactose and maltose, 28 mmol/1 final concentration), was 
measured using a commercially available kit 1 according to the 
manufacturer's instructions, p-chloromercuri-benzoate (pCMB) 
was included in the lactase assay to inhibit any potential 



contamination from lysosomal fi-galactosidase. 

Alkaline phosphatase was measured at pH 10 in the presence 
of 5 mmol/1 MgCl 2 and 0.25 mmol/1 CaCl 2 using p-nitrophenyl 
phosphate as the substrate (Shirazi et al. 1981). 

The potential presence of any basolateral and organelle 
membranes was determined by assessing the activities of th e 
following marker enzymes; Reactivated phosphatase (basolateral 
membrane), ct-mannosidase (Golgi), Tris-resistant a-glucosidase 
(endoplasmic reticulum), acid phosphatase (lysosomes) and 
succinate dehydrogenase (mitochondria), as described previously 
(Shirazi-Beechey et al. 1989, 1990). 

Assay of Na + -dependent D-glucose transport 

Na + -dependent D-glucose transport into BBMV was measured at 
38°C in a solution containing either 100 mmol/1 NaSCN or 
100 mmol/1 KSCN and 100 mmol/1 mannitol, 20 mmol/1 
HEPES/Tris, pH 7.4, 0.1 mmol/1 MgS0 4 and 052% (w/v) NaN 3 . 
Incubation was stopped at specific time points (3 s for the initial 
rate and 3 s, 10 s, 1, 10 and 30 min for the time-course 
measurements) by the addition of 1 ml ice-cold buffer containing 
0.1 mmol/1 phlorizin (Shirazi-Beechey et al. 1989). Aliquots of 
this solution were then filtered rapidly through 0.2 >/m cellulose 
acetate/nitrate filters (0.2 u,m cellulose acetate/nitrate filters) 3 , 
using the filtration stop technique, as described previously 
(Shirazi-Beechey et al. 1990). All initial rate measurements were 
taken after 3 s incubation period as transport was determined to be 
linear up to 4 s (data not shown). Uptakes were measured in 
duplicate or triplicate. For the kinetic studies D-glucose 
concentration was 0.01-2.5 mmol/1. Na + -dependent uptake was 
calculated as the difference in rates measured in the presence and 
absence of Na + . 

Competition studies were carried out by determining the 
initial (3 s) rate of uptake of 0.1 mmol/1 D-glucose in the presence 
of 1 mmol/1 competitor (Hedigerand Rhoads 1994). 

Cloning and sequencing of equine SCLTJ 

Oligonucleotide primers, derived initially from the consensus 
nucleotide sequences of ovine and human SGLT1 cDNA and 
subsequently from the equine SGLT1 sequence, were used in 
reverse transcription-polymerase chain reaction (RT-PCR) against 
total RNA isolated from equine jejunal mucosal scrapings. RNA 
samples were prepared using a commercially available kit 
(RNeasy Mini Kit) 4 according to the manufacturer's instructions. 
First strand synthesis was performed using 200 u Superscript H 5 
RNase H- reverse transcriptase and random primers (pGEM-T) 6 at 
42°C for 60 min. cDNA was purified on a nucleospin column 
(Machery-Nagel Nucleospin Extract) 7 and amplified by PCR with 
25 u Pfu DNA polymerase 8 and the following primer pairs: 

(1) Sense Ls20, nt 484 (5'-AGATCTCGGCAGACATCTTT-3'), 
antisense Has2, nt 952 (5'-GCAGCCACCCTTCACGTGAGA-3') 

(2) Sense s891, nt 891 (5'-ACAGACCAGGTCATCGTGCAGC-3') 
antisense as 1 599. nt 1 599 (5'-GGCAAAGAGGATGATGGCAAAG-3') 

(3) sense sl406, nt 1406 (5'-ACCACCCAlTGCAGCTGTCTTC-3') 
antisense as2025, nt 2025 (5'-CAGCAGAAAGCAGGACTCAGGC-3') 

The reaction conditions were as follows: 1 x reaction buffer 
(10 mmol/1 KC1, 10 mmol/1 (NH 4 ) 2 S0 4 , 20 mmol/1 Tris-HCI, 
pH 8.75, 0.1% (v/v) Triton X-100, 1 mg/ml BSA), 200 /<mol/i 
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each dNTP, 50 pmol each primer, 3 mmol/1 MgCl 2 , 1 MS, cDNA. 
pCR amplification was performed at 94°C, 20 s; 57°C, 20 s; 72°C, 
150 s for 30 cycles. A final extension of 7 min at 72°C was 
included. The RT-PCR products were tailed with adenosine using 
Thermoprime plus DNA polymerase (AB gene), cloned into 
pGEM-T 6 and custom sequenced. Equine specific SGLT1 sense 
and anti-sense primers were synthesised based on these sequences 
and used in subsequent reactions to clone the 5'- and 3'-ends of 
equine SGLT1 (eSGLTl). 

The 5'-UTR was cloned using rapid amplification of cDNA 
ends (RACE) using a commercially available kit 5 and the 
following nested gene-specific anti-sense primers; Lasl8, nt 681 
(5'-AAGCAAACCCAGTCAGGATG-3') and Has7, nt 482 
(5 •-CTTGGTCAAAATGTAGAGCA-3 ')• 

The 3' : UTR was cloned by 3' RACE. First strand synthesis 
was as described for RT-PCR, using the 3' RACE primer 
(5'-GGCCACGCGTCGACTAGTACTi 7 -3'). A 400 bp product 
was amplified from the cDNA using Pfu DNA polymerase with 
the eSGLTl specific sense primer sl767, nt 1767 
(5 ' - ACACCTTGG AGG AG AGC ATTG A-3 ') and the 3' RACE 
primer. The product was tailed, cloned into pGEM-T as described 
and custom sequenced. The GenBank accession number for the 
equine SGLT1 mRNA sequence is AJ292081 . 

Western blot analysis 

The abundance of SGLT1 protein in the equine intestinal BBMV 
was determined by western blotting, as described previously 
(Dyer et al. 1997a). The protein contents of BBMV were 
separated on 8% polyacrylamide gels containing 0.1% (w/v) SDS 
and were electiotransferred to nitrocellulose membrane (Trans- 
Blot nitrocellulose) 9 . Samples were blotted with an antibody 
raised to a synthetic nonodecapeptide (STLFTMDiYTKiRKKASEK) 
corresponding to a highly conserved region of the SGLT1 amino 
acid sequence in other species (Hirayama and Wright 1992; 
Shirazi-Beechey 1995; Dyer et al. 1997a; Wood et al. 2000), 
including eSGLTl (Fig 7). The 75 kDa immunoreactive band was 
blocked when antibodies were pre-incubated with the immunising 
peptide indicating the specificity of the immunoreaction. The 
membranes were developed using the ECL system 10 and exposed 
to film (BioMax MR film)". The intensities of the 
immunoreactive bands, detected in the BBMV, were quantified 
using scanning densitometry (Phoretix ID Quantifier) 12 and 
reported as arbitrary units. 

Lactase abundance was determined using a monoclonal 
antibody (miac6) to human lactase as described previously (Dyer 
etal. 1997b). 

Northern blot analysis 

Total RNA was isolated from duodenal, jejunal and ileal mucosal 
scrapings of equine small intestine using a commercially 
available kit 4 . RNA samples, 3 ug per lane, were separated on 
1% agarose gels containing 0.66 mol/1 formaldehyde and 
transferred to nylon membrane (Hybond N) 10 . RNA integrity 
and equality of loading were determined by methylene blue 
staining. The nylon membrane was prehybridised for 3 h at 42°C 
in a buffer containing 50% (v/v) deionised formamide, 5 x SSC, 
6 x Dcnhardts' reagent, 0.2% (w/v) SDS, 10% (w/v) dextran 
sulphate, 2.5 mmol/1 sodium pyrophosphate, 25 mmol/1 MES, 
PH 6.5 and 0.01% (v/v) antifoam B 13 . Equine SGLT1 cDNA (25 ng) 



TABLE 1: Disaccharldase activity in BBMV isolated from the 
intestine of grass-fed horses (mean ± s.e.) 



Specific activity Qymol/min/mg protein) 

Duodenum — Jejunum Ileum 



Sucrase 


0.353 ±0.088 


0.424 ± 0.075 


0.221 ±0.037 




(n = 7) 


(n = 7) 


(n = 7) 


Maltase 


0.880 ±0.118 


0.998 ±0.155 


0.742 ±0.108 




(n = 8) 


(n = 7) 


(n=8) 


Lactase 


0.068 ± 0.025 


0.101 ±0.041 


0.029 ±0.011 




(n = 7) 


(n = 7) 


(n = 7) 



corresponding to nucleotides 1406-2025, was labelled with 
[a 32 P]-dCTP by random priming and hybridised with the 
membrane for 16 h at 42°C. Washes were performed at 55°C for 
15 min once with 5 x SSC, 0.5% (w/v) SDS, 0.25% (w/v) 
sarkosyl and 3 times with 0.1 x SSC, 0.1% (w/v) SDS. The 
membrane was apposed to x-ray film (BioMax MS) 11 , with a 
single intensifying screen, at -80°C for 6 h. The intensity of the 
transcripts was quantified using scanning densitometry (Phoretix 
ID Quantifier) 12 . 

Statistics 

Data are expressed as mean ± s.e. and statistical comparisons are 
made using one-way analysis of variance, o = 0.01 . 

Results 

The intestinal tissue used was obtained from grass-fed horses, 
slaughtered by conventional methods at the local abattoir. On 
occasion, histology of the tissue revealed that there had been 
shedding of the epithelium, as has been reported previously in 
intestinal tissue of other species obtained from animals 
slaughtered by conventional methods (Fell 1961 ; Shirazi-Beechey 
et al. 1989). Therefore, care was taken to use only tissues shown 
to be intact by histology. Furthermore, a cocktail of protease 
inhibitors was included in the buffers used to prepare BBMV and 
this appeared to be essential for maintaining intact equine 
intestinal brush-border membrane proteins. The specific activities 
of the brush-border marker enzymes alkaline phosphatase and 
disaccharidases were 20-25-fold enriched in BBMV over the 
original cellular homogenate. The activities/abundances of marker 
proteins characteristic of organelle/basolatera] 'membranes were 
negligible in BBMV, indicating that the membrane vesicles were 
derived from the brush-border membrane and were purified. 

Equine 'small intestinal disaccharidases 

In order to determine the ability of the equine small intestine to 
hydrolyse disaccharides, the activities of sucrase, maltase and 
lactase were determined. The results arc presented in Table 1 . 

Sucrase, maltase and lactase are expressed in equine small 
intestine. Sucrase specific activities were highest proximally 
(duodenum = jejunum > ileum), while maltase activity was similar 
in all 3 regions. The horse appeared to express lactase 
postweaning (see Table 1). This was confirmed by western blot 
analysis using a monoclonal antibody specific to the brush-border 
membrane lactase. The antibody cross-reacts with a single protein 
with an apparent molecular mass of 150 kDa in equine intestinal 
BBMV, a similar size to lactase reported in other species 
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Fig 1: Lactase expression in equine small intestinal brush-border 
membrane vesicles (BBMV). BBMV (15 fig protein/lane) prepared from 
equine duodenum (D), jejunum (J) and ileum (1) were separated on 8% 
polyacrylamide gels, eleclrotransferred to nitrocellulose membrane and 
western blotted using an anti laclase monoclonal antibody (mlac6). as 
described in Materials and methods, a) The results of a typical western 
blot indicating the presence of the 150 kDa lactase protein, 
b) Densitometry analysis of western blots carried out using Phoretix 
ID 12 . Data are expressed as mean ± se. (n = 6) in arbitrary units. 



~ 15001 




Time (min) 



fig 2: Time course of Na-t-dependent D-glucose transport by equine 
duodenal brush-border membrane vesicles. The uptake of 0.1 mmolll D- 
glucose into equine duodenal BBMV was measured at 38"C in the 
presence of an inwardly directed (out>in) concentration gradient of either 
100 mmolll NaSCN (%) or KSCN (O), under zero trans conditions as 
described in Materials and methods. All uptakes were measured in 
duplicate and values are presented as mean ±s.e. (n = 3). 

(Schlegel-Haueter et al. 1972; Mantei et al. 1988; Dyer et al. 
1997b). The results are presented in Figure 1. Densitometry 
analyses of western blots for lactase in the intestinal brush-border 
membranes of several horses are shown in Figure lb. As can be 
seen, lactase expression was highest in the duodenal and jejuna) 
BBMV, with a marked reduction in levels detected in BBMV from 
the distal small intestine, ?- 0.065. The large s.e. seen for jejunal 
lactase activity and abundance reflect the fact that some horses 
showed the highest levels of lactase expression in jejunum, 
whereas others had little lactase expressed in this region. 
However, all horses expressed higher levels of lactase in the 
duodenum than the ileum. A similar distribution pattern was seen 
for lactase activity reported in Table 1 , with higher levels of 
activity in the duodenum and jejunum than in the ileum. 

Monosaccharide transport in equine small intestine 

Time-course and initial rates of D-glucose transport: The ability 
of equine small intestine to transport D-glucose was measured in 
BBMV and results are presented in Figure 2. D-glucose was 
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TABLE 2: Comparison of sequence data for SGLT1 from 
various species 



Species 


No. 
amino acids 


cDNA 
homology (%) 


Amino acid 
identity (%) 


Amino acid 
similarity (%) 


Horse 


662 


100 


100 


100 


Man 


664 


88.8 


87.0 


91.4 


Mouse 


665 


84.7 


86.8 


91.8 


Rabbit 


662 


85.4 


84.6 


90.6 


Rat 


• 665 


84.6 


86.5 


92.0 


Sheep 


664 


88.6 


86.2 


89.7 



The sequence comparisons are relative to the horse sequence. 




Fig 3: Initial rale of Na* -dependent D-glucose transport in equine small 
intestinal brush-border membrane vesicle^. The initial (3 s) rale of 
0.1 mmolll D-glucose uptake into BBMV (0.1 mg protein) was measured at 
38°C in the presence of 100 mmolll NaSCN. as described in Materials and 
methods. Results are presented as mean ±s.e. (n = 7). 

transported into the membrane vesicles in a Na + -dependent 
manner. The uptake exhibited a classical 'overshoot', i.e. a 
transient increase in intravesicular glucose concentration above 
that of the incubation medium. When Na + in the incubation 
medium was replaced by K + the overshoot was abolished and 
glucose uptake rates were negligible. Na + -dependent glucose 
transport was inhibited when 0.1 mmol/1 phlorizin was included in 
the incubation medium. Phlorizin is a specific inhibitor of 
Na + -dependent D-glucose transport (Wright et al. 1994; Shirazi- 
Beechey 1 995). The initial rates of the Na + -dependent transport of 
D-glucose in BBMV isolated from the duodenal, jejunal and ileal 
mucosa of grazing horses are presented in Figure 3. Transport 
rates were highest in the duodenum (200 ± 22 pmol/s/mg protein), 
lower in the jejunum (116 ± 33 pmol/s/mg protein) and lowest in 
the ileum (38 ± 16 pmol/s/mg protein), (P = 0.0014). 

Kinetics and substrate specificity of Na* -dependent D-glucose 
transport: The effect of substrate concentration on D-glucose 
transport in BBMV was investigated and the results, using 
duodenal BBMV, are presented in Figure 4. Initial rate (3 s) of 
D-glucose uptake was measured at glucose concentrations of 
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Fig 4. Effect of substrate concentration on the initial rate of D-glucose 
uptake by equine small intestinal brush-border membrane vesicles. The 
initial rate of D-glucose transport by equine intestinal BBMV was measured 
as a function of D-glucose concentration under zero trans conditions as 
described in Materials and methods. Results are expressed as ( a) Michaelis- 
Menten plot of D-glucose concentration vs. initial (3 s) rate of D-glucose 
uptake for duodenal BBMV and (b) a Hanes plot of linear regression 
analysis for duodenal (0), jejunal (M) and ileal (A.) BBMV. Uptakes were 
carried out in duplicate and are expressed as mean ±s.e.(n = 2). 



0.01-2.5 mmol/1 D-glucose. Uptake conformed to Michaelis- 
Menten kinetics (Fig 4a) and linear-regression analysis (Fig 4b) 
indicated the presence of a single transport system for D-glucose, 
with a Km of 0.49 ± 0.06 mmol/1 and a V m „ of 1312 ± 141.9 
pmol/s/mg protein. Km values obtained using jejunal and ileal 
BBMV were not Significantly different. V,^ values, however, 
were 918 ± 73.3 and 698 ± 61 pmol/s/mg protein in the jejunal and 
the ileal BBMV, respectively. Kinetic studies indicate that the 
aboral decline in Na + -dependent D-glucose transport is due to 
decrease in the protein abundance (V max ) rather than the affinity 
of the transporter for glucose. The Km of 0.49 mmol/1 for D- 
glucose suggests that the Na + /glucose cotransporter in equine 
small intestine is the high affinity isoform SGLTl . SGLTl has an 
affinity for D-glucose in the range 0.05-0.8 mmol/1' in other 
species (Malo and Berteloot 1991; Shirazi-Beechey et al. 1991a; 
Hediger and Rhoads 1994; Hirayama et al. 1996). 

The sugar substrate selectivity of the transporter was 
investigated by measuring the initial rate of 0.1 mmol/1 D-glucose 
uptake in the presence of 1 mmol/1 known substrates of SGLTl 
(Hopfer 1987; Shirazi-Beechey 1995). Results are shown in 
Figure 5. These monosaccharides inhibited D-glucose uptake into 
equine BBMV in the order of D-glucose (82.6%) > a-methyl-D- 
glucose (75.2%) = D-galactose (72.3%) » 3-O-methyl-D- 
glucose (29.5%) >D-xylose (16.6%). This pattern of substrate 
selectivity is similar to that shown for SGLTl in other species 
(Wright 1993; Hediger and Rhoads 1994; Diez-Sampedro et al. 
2001) and further suggests that the equine intestinal Na + /glucose 
cotransporter is the SGLT isoform 1 (see also eSGLTl sequence). 

Cloning and sequencing of equine intestinal SGLTl cDNA 

Using the techniques of reverse transcription-polymerase chain 
reaction (RT-PCR) and rapid amplification of cDNAends (RACE), 



initially with homologous primers designed against consensus 
sequences of SGLTl in other species and subscquendy with 
specific equine SGLTl primers, 2.17 kb equine SGLTl cDNA was 
cloned and sequenced. Translation of the overlapping contiguous 
sequences indicates that the equine SGLTl cDNA encodes for a 
662 amino acid protein. Hydropathy analysis -of the peptide 
sequence (Vector NTi Suite) 14 suggests a secondary structure with 
12 putative membrane-spanning regions and both the N- and C- 
termini located intracellulariy, which is in agreement with models 
based on hydropathy analysis for SGLTl in other species (Hediger 
and Rhoads 1994). Alignment of the eSGLTl amino acid sequence 
with those of SGLTl in other species is shown in Figure 6 with 
conserved areas shaded grey. Sequence homology data is presented 
in Table 2. Equine SGLTl has between 89-85% homology with 
SGLTl from other species at the nucleotide level and between 
90-92% similarity and 84-87% identity at the amino acid level. 
SGLTl has been shown to be N-glycosylated in rabbit, human and 
sheep at Asn248 (Wright 1993; Shirazi-Beechey 1995). This 
residue, indicated by an asterisk in Figure 6, is conserved in 
eSGLTl . Polyclonal antibodies have been raised against a 
nonodecapeptide (STLFTMDIYTKIRKKASEK) corresponding to 
amino acids 402-420, a conserved intracellular loop region of 
SGLTl in other species. This region is boxed in Figure 6. As can 
be seen, equine SGLTl shares a high degree of homology with 
other species over this region, with 17/19 amino acid identity with 
SGLTl from human, mouse, rat, rabbit and sheep. Equine SGLTl 
shares the same hypervariable regions as SGLTl in other species. 
These are most notably amino acids 6-22 at the N-terminus and 
amino acids 576-600 at the C-terminus. As can be seen in Figure 6, 
eSGLTl does not have an extra amino acid at position 579 as do rat 
and mouse; however, eSGLTl has the 2 amino acid deletion at 
positions 592-593, seen previously only in rabbit SGLTl. How 
these changes may influence the function of equine SGLTl awaits 
analysis by expression in heterologous systems. 

SGLTl protein abundance in equine small intestinal BBMV 

In the equine intestinal BBMV samples, the antibody to SGLTl 
cross-reacted with a single band of 75 kDa in all 3 regions of the 
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Fig 5: Sugar specificity of equine SGLTl. The initial rate of the Na*- 
dependent uptake of 0.1 mmoVl D-glucose into equine duodenal BBMV 
was measured at 38°C in the presence of 1 mmolll of the indicated 
competitor. Results are expressed as mean ± s.e. (n = 3). 
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Horse SGLT1 


(D 


Human SGLT1 


(1) 


Mouse SGLT1 


(1) 


Rabbit SGLT1 


(1) 


Rat SGLT1 


(1) 


Sheep SGLT1 


(1) 


Consensus 


(1) 


Horse SGLT1 


(51) 


Human SGLT1 


(51) 


Mouse SGLT1 


(51) 


Rabbit SGLT1 


(51) 


Rat SGLT1 


(51) 


Sheep SGLT1 


(51) 


Consensus 


(51) 



Horse SGLT1 
Human SGLT1 
Mouse SGLT1 
Rabbit SGLT1 
Rat SGLT1 
Sheep SGLT1 
Consensus 



Horse SGLT1 
Human SGLT1 
Mouse SGLT1 
Rabbit SGLT1 
Rat SGLT1 
Sheep SGLT1 
Consensus 



(101) 
(101) 
(101) 
(101) 
(101) 
(101) 
(101) 



(151) 
(151) 
(151) 
(151) 
(151) 
(151) 
(151) 



1 . 50 
mdsstws pgtattaarlas yeri rnaadi svivi yfvwmavglwamfst 

mdss'twspkttavtrpvetheliiwaadisiiviyfwvmavgi.wamfst 

MDSSTLS PAVTATDAPIPSYERI RNAADI SVIVI YFVVVMAvGLWAMFST 
MDS STLS PLTTSTAAPLF.S YERI RNAADI SVIVI YFLyVMAVGLWAMFST 
MDSSTLSPAWATDAPIQSYERIRNAADISVIVIYEVWMAVGLWAMFST 
MDSSTWS PPATATAEPLQAYERIRNAADI SVIVI YFVVVMAVGLWAMFST 
MDSSTWS PATTATAAPL SYERIRNAADISVI viYFWVMAVGLWAMF ST 

1 

51 100 

n rgtvgg fflagrnmvwwp i gas l fas nig s gh fvglags gaasgiamgg 
nrgtvggfflagrsmvwwpigaslfasnigsghfvglagtgaas6iaigg 
nrgtvggfflagrsmvwwpigaslfasnigsghfvglagtgaaaglamgg 
nrgtvggfflagrsmvnwpigaslfasnigsghfvglagtgaasgiatgg 
nrgtvggfflagrsmvlvwpigaslfasnigsghf\^i^gtgaaagiahtgg 
NrgtvggfflagrsmvkwpigaslfasnigsghfvglAgtgaaagiatgg 

NRGTVGGFFIAGRSMVWWPIGASLFASNIG SGHFVGLAGTGAAAGIAMGG 

2 

101 150 
FEWNALILW'/LGWVFVPIYIKAGyWMPEYLKKRFGGQRIQVYLSLLSL 
FEWNALVLVVVl.GWLr^PIYl'KAGVVTMPEYLRKRFGGQRIQVYLSLLSL 
FEWNALVLVWLGWI EVPIYIKAGVVTMPEYLRKRFGGKRIQIYLSVLSL 
FEWNALIfTVWLGWFVPIYIRAGVVTMPEYLQKRFGGKRIQIYLSILSI, 
FEWNALVFWVLGWL FVP I YI KAGVVTMP E YLRKRFGGKRIQI YLS VLS L 
FEWNALILVVLLGWVFVPIYIKAGVVTMPEYLRkRFGGQRIQVYLSVLSL 
FEWN ALILVWLGWVFVPIYIKAGW TMPEYLRKRFGGQRIQIYLSVLSL 
3 

151 200 
LLYI ETKISADI FSGAIFINMALGLDLYLAI I LLLAVTGI YTI TGGLAAV 
LLYIFTKISADIFSGAIFINLALGLNLYLArFLLtAITALYTITGGLAAV 
LLYIFTkiSADfFSGAIFINIA.£GLDIYLAlFILIAITALYTITGGLAAV 
LLYI FTKI SAD IFSGAI FI QLTLGLDI YVAIT I LLVITGL YT I TGGLAAV 
LLYIFTKISADIFSGAIE"INLALGLDIYLAIFILIAITALYTITGGLAAV 
VLYI FTKI SADI FSGAI FINLALGLDL YLAIFI LLAITALYT.I TGGLAAV 
LLYIFTKISADIFSGAIFINLALGLDIYLAIFILLAITALYTITGGLAAV 



Horse SGLT1 
Human SGLT1 
Mouse SGLT1 
Rabbit SGLT1 
Rat SGLT1 
Sheep SGLT1 
Consensus 



Horse SGLT1 
Human SGLT1 
Mouse SGLT1 
Rabbit SGLT1 
Rat SGLT1 
Sheep SGLT1 
Consensus 



Horse SGLT1 
Human SGLT1 
Mouse SGLT1 
Rabbit SGLT1 
Rat SGLT1 
Sheep SGLT1 
Consensus 



(201) 
(201) 
(201) 
(201) 
(201) 
(201) 
(201) 



(251) 
(251) 
(251) 
(251) 
(251) 
(251) 
(251) 



(301) 
(301) 
(301) 
(301) 
(301) 
(301) 
(301) 



201 250 

i ytdt lqtaimlvg sai ltgfafnevggyeafmekymkai ptmi sdgnit 

iytdtlqtvimlvgsi.iltgfafhevsgydafmekymkaiptivsdgntt 

iytdtlotaimlvgsfiltgfafnevggyeafmdkymkaiptkvsngnft 

iytdtlqtaimmvgsviltgfafhevggyeaftekymraipsqisy'gnts 

iytdtlqtXimlvgsfiltgfafrevggyea 

i ytdt lqtvimllgs fi ltgfafhevggysafvtkymnai ptvts ygntt 

i yt dtlq taimlvgs f i ltgfafhe vgg yeafmek ymkai pt ivsdgntt 

5 

251 300 
iKEEGYTPRADSFHIFRDPLKGPLPWPGLIFGLFI LTLWYWCTDQVTVQR 
FQEKCYTPPADSFHIFRDPLTGDLPWPGFIFGMSILTLWYWCTDQVIVQR 
AKEECYTPRADSFHIFPO)PITGDMPWPGLIFGLAIIALWYWCTDQVIVQR 
IPQKCYTPREDAFHIFRDAITGDIPWPGLVFGMSILTLWYWCTDQVIVQR 
VKEECYT PRADS FHI FRDPITGDMPWPGLI FGLS I LALWYWCTDQVI VQR 
VKKECYTPRADSFHIFRDPLKGpL'PWPGLIFGLTIISLWYWCTDQVIVQR 
IKEECYTPRADSFHIFRDPITGDLPW PGLIFGLSILTLWYWCTDQVIV QR 

6 

301 350 

CLSAKNMSHVKGGCIMCGYLKLLPMFLMVMTGMVSRILYTERVACVLPSE 
CLSAKNMSHVKGGCILCGYLKLMPMFIMVMPGMISRILYTEKIACVVPSE 
CLSAKNMSHVKAGGTLCGYLKLLPMFLMVMPGMIS RI LYTEKIACVLPEE 

clsaknlshvkagctlcgylkvmpmflivmmgmvsrilytdkvacvvpse 
clsAknmshvkagctlcgylkllpmflmvmpgmisrilytdkiAcvlpse 
clsaknmshvkagcimcgymkllpmfd^pgmisrilftekvactvpse 
clsaknmshvkagcilcgylkllpmflmvmpgmisrilytekiacvlpse 



Fig 6: Alignment of the deduced amino acid sequence of eSCLTI with SGWI from various species. Sequence alignment was carried out by Clustal W 
analysis using the alignment programme of Vector NTt' 4 . Homologous regions are shaded. The boxed area indicates the region to which the anti-peptide 
antibody was raised. The conserved glycosylation site at Asn248 is indicated (*)■ Putative membrane spanning regions (Hediger and Rhoads 1994) are 
indicated by lines below the sequence and are numbered 1 to 12. 
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Horse SGLT1 


(351) 


Human SGLT1 


(351) 


Mouse SGLT1 


(351) 


Rabbit SGLT1 


(351) 


Rat SGLT1 


(351) 


Sheep SGLT1 


(351) 


Consensus 


(351) 


Horse SGLT1 


(401) 


Human SGLT1 


(401) 


Mouse SGLT1 


(401) 


Rabbit SGLT1 


(401) 


Rat SGLT1 


(401) 


Sheep SGLT1 


(401) 


Consensus 


. (401) 



Horse SGLT1 
Human SGLT1 
Mouse SGLT1 
Rabbit SGLT1 
Rat SGLT1 
Sheep SGLT1 
Consensus 



Horse SGLT1 
Human SGLT1 
Mouse SGLT1 
Rabbit SGLT1 
Rat SGLT1 
Sheep SGLT1 
Consensus 



Ho>se SGLT1 
Human SGLT1 
Mouse SGLT1 
Rabbit SGLT1 
Rat SGLT1 
Sheep SGLT1 
Consensus 



(451) 
(451) 
(451) 
(451) 
(451) 
(451) 
(451) 



(501) 
(501) 
(501) 
(501) 
(501) 
(501) 
(501) 



(551) 
(551) 
(551) 
(551) 
(551) 
(551) 
(551) 



351 400 

CEKYCGIKVGCSNIAYPTLVI ELMPDGLRGLMLSVMLASLMSSLTSI FNS 
CEKYCGTKVGCTN I AYPTLVVELMPNGLRGLMLSVMLASLMS SLTS I FN S 
CQKYCGTPVGCTNIAYPTLWELMPNGLRGLMLSVMMASLMSSLTSIFNS 
CERYCGTRVGCTNIAFPTLWELMPNGLRGI>!LSVMMASLMSSLTSIFNS 
CXKYCGTPVGCTNIAYPTLWEMPNGLRGLMLSVMMASLMSSLTSIFNS 
CEKYCGTKVGCTNIAYPTLVVELMPNGLRGLMLSVMLASLMSSLTSIFNS 
CEKYCGTKVGCTN IAYPTLWELMPNGLRGLMLSVMLASLMSSLTS I FNS 



8 



401 



450 



A STL FTMDI YT K I RKRASEK 2LMLVGRLFI 
A 3TLFTMDIYAKVRKRASEK SLMIAGRLFI 
A 3TLFTMDIYTKIRKKASEK 3LMIAGRLFJ 
A 3TLFTMDIYTKIRKKASEK 3LMIAGRLFMLFLI 
A 3TLFTMDI YTKIRKGASEK 3LMIAGRLFILVLIGI 
A 5TLFTMDIYTKIRKKASEK SLMIAGRLFMLVLIGVSIAWVPIVQSAQSG 
A 3TLFTMDIYTKIRKKASEK 5LMIAGRLFILVLIGISIAWVPIVQSAQSG 



LVLIGVSIAHVPIVQSAQSG 
LVLI GI S IAWVP IVQSAQSG 
'I LVLI GI S IAWVP IVQSAQSG 
GI S IAWVP IVQSAQSG 
S IAWVP IVQSAQSG 



9 



451 500 

QLFDYIQSITSYLGPPIAAVFLLAIFWKRTTESGAFWGLILGFLVGLARM 

QLFDYIQSITSYLGPPIAAVFLLAIFWKRVNEPGAFWGLILGLLIGISRM 

QLFDYIQSITSYLGPPIAAVFLLAIFCKRVNEQGAFWGLILGFLIGISRM 

QLFDYIQSITSYLGPPIAAVFLLAIFWKRVNEPGAFWGLVLGFLIGISRM 

QLFDYIQSITSYLGPPIAAVFLLAI FCKRVNEPGAFWGLILGFLIGISRM 

QLFDYIQSITSYLGPPIAAVFLLAIFCKRVNEPGAEVJGLIIGFLIGVSRM 

QLFDY IQSITSYLGPPIAAVFLLAI F WKRVNE PGAFWGLILGFLIGIS RM 
.. ... .. ... ^ ^ 

501 550 
ITEFAYGTGSCTEPSNCPTI ICGVHYLYFAI ILFAISVITIVWSLFTKP 
ITEFAYGTGSCMEPSNCPTIICGVHYLYFAI ILFAISFITIWI SLLTKP 
I TEFAYGTGSCMEPSNCPKI ICGVHYLYFAI I LFVISVITILI I SFLTKP 
ITEFAYGTGSCMEPSNCPT I ICGVHYLYFAI ILFVI SI ITWWSLFTKP 
I TEFAYGTGSCMEPSNCPKI ICGVHYLYFAI I LFAISWTVLVI SLLTKP 
ITEFAYGTGSCMEPSNCPT I ICGVHYLYFAI I LFVITI I VI LAIS LFTKP 
ITEFAYGTGSCMEPSNCPT I ICGVHY LYFAI I LFVISVITILVISLLT KP 

12 

551 600 
IPDVHLYRLCWSLRNSKEERIDLDAGEE-NIQDTLEESIEI — EVPEEKK 

ipdvhlyrlcwslrnskeeridldaeee-niqegpketieietqvpekkk 
ipdvhlyrlcwslrnske'eridldageeedipEdskdtieidteapqkkk 
ipdvhlyrlcwslrnskeeridldagee-diqeapee-^tdt — evp kkkk 
ipdvhlyrlcwslrnsteeridldageeepveedpkptieidaeapokek 
iadvhlyrlcwslrnskeeridldaepe-diqdaredaleidteaseekk 
i p dvhly rlcws lrnske eri dl dage e d iqeapkdt ieidtevpekkk 



601 650 

Horse SGLT1 (598) GCFRRAYDLFCGLDQQKGPKMTKEEEEAMKLKMTDTFEKPLWRTIMNING 

Human SGLT1 (600) GIFRRAYDLFCGLEQHGAPKMTEEEEKAMKMKMTDTSEKPLWRTVLNVNG 

Mouse SGLT1 (601) GCFRRAYDLFCGLDQDKGPKMTKEEEEAMKMKMTDTSEKPLWRTVVNING 

Rabbit SGLT1 (600) GFFRRAYDLFCGLDQDKGPKMTKEEEAAMKLKLTDTSEHPLWRTWNING 

Rat SGLT1 (598) GCFRKAYDLFCGLDQDKGPKMTKEEEEAMkLKMTDTSEKPLWRTVVNING 

Sheep SGLT1 (600) GCLRQAYDMFCGLDQQKGPKMTKEEEAAMKLKMTDTSEKRLWRMWNING 

Consensus (601) GCFRRAYDLFCGLDQDKGPKMTKEEEEAMKLKMTDTSEKPLWRTWNING 



651 665 

Horse SGLT1 (648) 1 1 LLTVAVFCHAYFA 

Human SGLT1 (650) IILVTVAVFCHAYFA 

Mouse SGLT1 (651) 1 1 LLAVAVFCHAY FA 

Rabbit SGLT1 (648) VILLAVAVFCYAYFA 

Rat SGLT1 (651) 1 1 LLAVAVFCHAYFA 

Sheep SGLT1 (650) 1 1 LLAVAVFCHAYFA 

Consensus (651) I ILLAVAVFCHAYFA 



F'& 6 continued: For details see previous page. 
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Fig 7: SGLTI protein abundance in BBMV isolated from equine small 
intestine. BBMV (15 ng protein/lane) prepared from equine duodenum (D), 
jejunum (J) and ileum (1) were separated on 8% polyacrytamide gels, 
electrotransferred to nitrocellulose membrane and western blotted using an 
aiiti-SGLTl polyclonal antibody, as described in Materials and methods, a) 
The results of a typical western blot indicating the presence of the 75 kDa 
SGLTI protein, b) Densitometric analysis of western blots carried out using 
Phoretix ID 12 - Data are expressed as mean ±s£. (n - 7) in arbitrary units. 
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Fig 8: SGLTI mRNA expression in equine small intestinal mucosa. Total 
RNA (3 fig per lane) prepared from equine duodenal (D), jejunal (J) and 
ileal (I) mucosal scrapings was separated on 1% agarose denaturing gels, 
transferred to nylon membrane and northern blotted using oPP-labelled 
eSGLTl cDNA probe, as described in Materials and methods, a) The 
results of a typical northern blot indicating the presence of 3 SGLTI 
transcripts, b) Densitometric analysis of northern blots carried out using 
Phoretix ID 12 . Data are expressed as mean ±s.e.(n = 7) in arbitrary units. 



small intestine (Fig 7a), a molecular mass consistent with the size 
of SGLTI in other species (Lescale-Matys et al. 1993; Shirazi- 
Beechey 1996; Dyer et al. 1997b; Wood et al. 2000). 
Densitometric analyses of immunoreactive bands measured in 
BBMV from the duodenum, jejunum and ileum of several 
grazing horses are shown in Figure 7b. The profile of SGLTI 
protein expression along the length of equine small intestine 
correlated with Na + -dependent D-glucose transport rates, with 
highest levels in the duodenum decreasing distally. These data 
further support that the proximal to distal decline is due to 
decrease in the level of functional Na + /glucose cotransporter 
protein in the brush-border membrane. 

Northern blot analysis of SGLTI mRNA in equine intestine 

32 P-labelled equine SGLTI cDNA (nucleotides 1406-2025) 
hybridised to 3 transcripts of 7, 4.4 and 2.4 kb in equine intestinal 
RNA samples (Fig 8a), with the 7 and 2.4 kb transcripts being the 
most abundant. Densitometric analyses of the total area of all 
transcripts indicate that SGLTI mRNA levels were highest in the 
duodenum and decreased distally. This pattern of expression 
correlates with the SGLTI activity and protein abundance. The 
presence of multiple transcripts for SGLTI is usual, with many 
species having more than one and some ruminant species having 
up to 5 (Wood et al. 2000). This difference in size appears to be 
due to variation in the length of the 3' untranslated region (Peng 
and Lever 1995; Tarpey el al. 1995; Wood et al. 2000). 

The results of these studies indicate collectively that SGLTI is 
expressed in the equine small intestine and that SGLTI expression 
is highest in the proximal intestine and decreases distally. The 
high degree of correlation between SGLTI protein function and 
abundance with SGLTI mRNA level suggests that, in mature 
grazing horses, SGLTI expression is regulated at the level of 
mRNA abundance. 

Discussion 

Little information has been available on the mechanisms and 
membrane proteins involved in the digestion and absorption of 
dietary carbohydrates in equine small intestine. Equally, little is 
known about the sites of carbohydrate digestion and absorption 



along the equine intestinal tract. Alexander (1955) showed that 
the absorption of glucose takes place in the small intestine of the 
horse and that this nutrient can fulfil some basal energy 
requirements. Alexander and Chowdhury (1958) detected the 
activity of lactase, maltase and amylase in the ileal juice sampled 
from one pony with an ileal cannula. In the present study, we 
have determined the level of activity and the abundance of 
disaccharidases measured in the intestinal brush-border 
membranes of a large number of mature horses. We have shown 
that sucrase, maltase and lactase are expressed in the equine 
intestinal brush-border membrane. Sucrase activity is highest in 
the proximal small intestine of the horse and levels are similar to 
those reported in the intestine of other nonruminant species 
(Kessler et al. 1978; Shirazi et al. 1981; Shirazi-Beechey et al. 
1989; Dyer et al. 1997b). Maltase is expressed all along the 
equine small intestine. Maltase activity is similar in proximal, 
mid and distal regions and is extremely high compared with 
other species; 1 ^mol/min/mg protein in the horse (this study) 
vs. 0.013-0.054 ^mol/min/mg wet weight tissue in man 
(Dahlqvist 1964; Dyer et al. 1997b) and 0.014 j<mol/min/mg 
protein in sheep (Shirazi-Beechey et al. 1989, 1991b). The 
brush-border membrane lactase is the enzyme responsible for the 
breakdown of the milk sugar, lactose. While the majority of 
animals and human subjects can digest lactose in suckling life, 
large populations of non-Caucasians and some animals become 
lactase deficient in adulthood (Henning et al. 1994). 
Consumption of lactose by these populations leads to intestinal 
disturbances and diarrhoea. The expression of lactase is 
preprogrammed (genetically controlled) and is not diet-induced 
(Duluc etal.. 1991; Shirazi-Beechey et al. 1991b; Henning et al. 
1994; Dyer et al. 1997b). In the studies carried out by Roberts 
(1975), it was reported that, in horses older than age 3 years, 
lactose feeding did not produce an increase in plasma glucose 
levels and induced passing of loose faeces. Based on these 
studies, he concluded that mature horses do not tolerate lactose. 
In spite of Roberts' conclusions, some horse-owners feed milk 
pellets to mature horses, particularly in an attempt to improve 
the weight and condition of show animals. Our studies indicate 
clearly that functional lactase is expressed in the intestinal tissue 
obtained from mature horses. This has been shown by direct 
measurements of the activity and abundance of lactase in the 
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purified brush-border membranes isolated from proximal, mid 
and distal regions of the intestine, indicating that these horses 
would have the ability to digest lactose. Our data support the 
conclusion made by Argenzio (1975) that the incidence of 
disaccharidase deficiency in horses is rare. Analysis of brush- 
border membrane vesicles prepared from the intestine of 
weaned, immature (age <4 years), horses demonstrated the 
presence of much higher lactase levels (data not shown) 
indicating that, although lactase expression in equine small 
intestine does decrease in maturity, it is not lost altogether. 
Further work is underway in our laboratory to investigate the 
developmental changes in equine small intestinal digestive and 
absorptive function. 

We have shown that glucose and galactose are transported in 
the equine intestine by a Na + /glucose cotransporter isoform 1 
(SGLT1). cDNA encoding SGLT1 has been cloned from the 
intestinal tissue of various species (Hediger et al. 1987; Hediger 
and Rhoads 1994; Shirazi-Beechey 1995; Tarpey et al. 1995; Turk 
and Wright 1997) and the amino acid sequences have been 
deduced. The comparison of SGLT1 sequences in various species 
indicates that this protein is conserved throughout evolution 
(Wright 1993; Shirazi-Beechey 1996). Despite the high 
percentage of identity in the amino acid sequences, there are some 
minor differences. These differences in the amino acid sequence 
have been shown to have a profound effect on the kinetic 
properties of the transporters. The differences in the amino acid 
sequence of SGLT1 in various species not only provide 
information on the relationship between structure and function, 
but also an insight into the differences in physiological 
environment encountered by SGLT1 in diverse species. 

We have shown that SGLT1 in the intestine of horses 
consuming grass-based diets is expressed with highest abundance 
in the proximal intestine and the protein has a high affinity and a 
low capacity for > the sugar substrates. This has physiological 
significance in the functioning of SGLT1 in the small intestine. 

The identification of the regions of the gut involved in the 
digestion and absorption of dietary sugars will be important, 
particularly to animals having undergone gastrointestinal 
surgery when they are maintained subsequently on diets 
containing soluble digestible carbohydrates. Small intestinal 
resection (SIR) is commonly performed in the surgical 
treatment of equine colic (Tate et al. 1983), but little is known 
about the long-term effects of SIR on horse and ponies. 
Knowledge of the regional functional characteristics of the 
equine intestine will allow a more accurate prediction of the 
potential dietary complications the animal may experience 
during recovery and ways in which the diet can be 
supplemented during this critical period. 

The data presented in this paper provide baseline information 
for a better understanding of the pathogenesis of dietary-induced 
intestinal disease and improved feed management in the horse. 
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Suppressors of Cytokine Signaling Proteins Are Differentially 
Expressed in Thl and Th2 Cells: Implications for Th Cell 
Lineage Commitment and Maintenance 

Charles E. Egwuagu, 1 Cheng-Rong Yu, Meifen Zhang, Rashid M. Mahdi, Stephen J. Kim, and 
Igal Gery 

Positive regulatory factors induced by IL-12/STAT4 and IL-4/STAT6 signaling during T cell development contribute to polarized 
patterns of cytokine expression manifested by differentiated Th Cells. These two critical and antagonistic signaling pathways are 
under negative feedback regulation by a multimember family of intracellular proteins called suppressor of cytokine signaling 
(SOCS). However, it is not known whether these negative regulatory factors also modulate Thl/TI)2 lineage commitment and 
maintenance. We show here that CD4* naive T cells constilutivcly express low levels of SOCS1, SOCS2, and SOCS3 mRNAs. 
These mRNAs and their proteins increase significantly in nonpolarized Th cells after activation by TCR signaling. We further 
show that differentiation into Thl or Th2 phenotype is accompanied by preferential expression of distinct SOCS mRNA tran- 
scripts and proteins. SOCS1 expression is 5-fold higher in Thl than in Th2 cells, whereas Th2 cells contain 23-fold higher levels 
of SOCS3. We also demonstrate that IL-12-ind«ccd STAT4 activation Is inhibited in Th2 cells that express high leveb of SOCS3 
whereas IL-4/STAT6 signaling is constitulirely activated in Th2 cells, but not Thl cells, with high SOCS1 expression. These results 
suggest that mutually exclusive use of STAT4 and STAT6 signaling pathways by differentiated Th cells may derive in part, from 
SOCS3- or SOCSl-medialed repression of IL-12/STAT4- or II.-4/STAT6 signaling in Th2 and Thl cells, respectively. Given the 
strong correlation between distinct patterns of SOCS expression and differentiation into the Thl or Th2 phenotype, SOCS1 and 
SOCS3 proteins are therefore Th lineage markers that can serve as therapeutic targets for immune modulation therapy. The 
Journal of Immunology, mi, 168: 3181-3187. 



Differentiation of naive, uncommitted Th precursor cells 
into Thl or Th2 cells is a complex developmental pro- 
cess, and understanding the underlying molecular mech- 
anisms may provide a conceptual framework in developing im- 
mune modulation therapies against allograft rejection, autoimmune 
diseases, and allergic diseases. The dominant factors that control 
die differentiation program are now recognized to be cytokines (1). 
Th cells activated in the presence of IL-12 differentiate into Thl 
cells, predominantly secrete IFN-y and TNF-/3 and promote de- 
layed-type hypersensitivity responses (2). In contrast, Th cells that 
are activated in the presence of 1L-4 differentiate into Th2 cells, 
produce mainly IL-4 and IL-5, and promote humoral and allergic 
responses (2). 

Mutually exclusive use of the IL-12 or IL-4 signal transduction 
pathway by Thl and Th2 cells, respectively, has spurred signifi- 
cant interest in understanding how regulation of these pathways 
arc coupled to the differentiation process. IL-12 or IL-4 signaling 
is mediated by STAT4 and STAT6, respectively (3). Because 
transduction of cytokine signals through STAT proteins generally 
results in transcriptional activation of STAT-inducible genes, it is 
tacitly assumed that Th cells differentiate into Thl or Th2 pheno- 
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type because of differential activation of genes that drives them to 
their respective developmental state. However, recent studies 
showing that cytokine signaling is under negative feedback regu- 
lation by a multimember family of proteins called suppressors of 
cytokine signaling (SOCS) 2 have raised the possibility that differ- 
entiation toward the Thl or Th2 pathway may be mediated in pan 
by the selective repression of IL-12/STAT4 or LL-4/STAT6-sig- 
naling pathways, respectively (4). 

The SOCS family of proteins is at present composed of eight 
members characterized by the presence of a Src homology 2 do- 
main and a C-terminal conserved domain called the SOCS box (5, 
6). Evidence to date suggests that mRNA transcripts encoding 
SOCS are selectively up-regulated in response to several cytokines 
including IFN--y, 1L-2, LL-3, IL-4. IL-6, IL-12, IL-13, leukemia- 
inhibitory factor, stem cell factor, GM-CSF, growth factor, leptin, 
and erythropoietin (7). The SOCS proteins translated from the cor- 
responding mRNA transcripts inhibit requisite cytokine-induced 
signaling pathways by classical feedback circuits (5-7). The in- 
hibitory effects derive from direct interaction of SOCS Src homol- 
ogy 2 domains with cytokine receptors and/or Janus kinases (JAK) 
leading 10 the recruitment of SOCS proteins to the signaling com- 
plex, their inhibition of the binding of STATs to tyrosine-phos- 
phorylatcd cytokine receptors, and suppression of the catalytic ac- 
tivities of JAKs (8-1 i). Gene targeting has been used to generate 
SOCS 1 -/ ", SOCS2 - '", and SOCS3"' - mice (12-16). Deletion of 
SOCS1 or SOCS3 is lethal in mice; SOCS3 null mice die in utero 
and mice lacking SOCS1 die within 3 wk after birth. Analysis of 



1 Abbreviations used in thU paper. SOCS. suppressor of cylukinc siy,nalin)r; MKl ., hen 
egg lysozymc; Tg. Iionsgenrc; JAK. Janus kinase; TAMRA, 6-eiubtwyieir,irrtis|hyl- 
rhodaminc: CD62L. CD62 lignnxl; fiKAM, 6-carboxyfluoicsein. 
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the physiological functions of these SOCS proteins reveals re- 
quirement of SOCS3 in fetal liver erythropoiesis and placental 
development, whereas SOCS2 is important in postnatal growth. In 
contrast, SOCS1 is Crucial in regulation of IFN-y pathways. 
SOCSI - ' - mice have defective thymocyte development, and 
ovcrcxprcssion of SOCSI impairs pre-TCR-indueed thymocyte 
proliferation, suggesting that inhibition of cytokine signaling has 
important influence on T ccU differentiation (17, 18). 

In this study, we have characterized the repertoires Of SOCS 
mRNAs and proteins expressed in naive and differentiated Th cells 
to examine die possibility that mutually exclusive patterns of cy- 
tokine expression by ThI and Th2 cells derive from differential 
expression of SOCS proteins. We show here that Thl and Th2 
cells preferentially express disiincl SOCS proteins that may play a 
role in the selective inhibition of STAT4/IL-12- and STAT6/IL- 
4-signaling pathways of Th cells. We discuss the implications of 
our findings on Th cell lineage commitment and/or maintenance. 

Materials and Methods 

Preparation of hen egg Isozyme (HEL)-specific Thl and Th2 
cells 

T lymphocytes expressing HEl,-spccifie TCR were isolated from spleens 
and lymph nodes of HEL-speciiic TCR-lransgenic (Tg) mice designated 
"3A9" (a generous gift from M, Davis, Stanford University, Stanford, CA) 
as described (19). Briefly, CT>4 ' Cells were isuluted and purified (>°7%) 
Th Cells Were Cultured at 2.5 X l0 3 /ml in RPMI 1640 supplemented with 
50 /iM 2-ME, antibiotics, and 10% FCS (complete medium) with 10X 
irradiated syngeneic splenncytes (as APQ in the presence of 2 pg/rnl HEL 
(Sigma-Aldricb, St. Louis, MO), 10 ng/ml 1L-12 (Sigma-Aldrich), and 10 
pg/ml onti-IL-4 Ab (BD PharMingen. San Diego, CA) for Thl or 02 
Jig/ml HEL. 10 ng/ml IL-4 (BD PharMingen), 10 ^g/ml anfi-IFN-y Ab 
(BD PharMingen), and 10 fig/ml anri-lL-12 Ab (BD PharMingen) forTh2. 
After 4 days, cultured cells were expanded with 40 IU/ml IL-2 (Chiron, 
Emeryville, CA) for 4 days, and these cells arc designated as resting Thl 
or Th2 cells. Some cells were restimulated at 2.5 X lOVfnl with )0X 
ilttdiaied Syngeneic APC in the presence of cither 2 jug/nil HEL, 40 IU/ml 
lt.-2, and 10 ng/ml 1L-12 for Thl or 02 ng/ml HEL, 40 IU/ml liy-2, and 
10 ng/ml IL-4 for Th2. Three days later, cells were harvested, washed, 
resuspended in RPMI- 1640, and designated as activated Thl orTh2 cells. 
The cells designated us "Th" were obtained by incubating purified CD4* 
cellx, with HEL in the absence of the polarizing cytokines or iheir Abs. 

For signal transduction studies, Thl and Th2 cell lines were established 
and maintained in IL-2 (40 IU/ml) under polarization conditions described 
above. However, the HEL protein and APC were substituted by anti-CD3 
(0.1 jig/ml) and anti-CD2B (0.5 fig/nil) Abs (BD PharMingen). Activation 
of the STAT4 or STAT6 signal transduction pathway was analyzed in Thl 
and Th2 cells cultured for 2 h under starvation conditions (1% BSA, RPMI 
I M0). The cells were then treated with IL-12 (10 ng/ml) or 11^4 (10 ng/ml) 
for 15 or 30 min. 

Isolation of naive CD4 + T cells and FACS catalysis 

CD4 T T lymphocytes from spleens and lymph nodes of 3A9 mice were 
purified as described above. The cells were stained with PE-Cy5-CD4 or 
FITC-CD62 ligaud (CD62L) Abs (BD PharMingen), gated, and sorted out 
in FACSenr Plus-SB cell sorter (BD Biosciences, San Jose, CA). For FACS 
analysis, purified OW" T cells (3 X if) 3 ) in FACS buffer (1 x HBSS, 1% 
PCS, 10 mM HBPES, 0.2% NaN 3 ) were mixed with staining Ab and in- 
cubated at room temperature for 15 min. The cells were then washed twice 
with FACS buffer, fixed in 1% formaldehyde, and analyzed. mAbs used for 
staining are anti-CD4. CD62L, CD25, and their corresponding isotype con- 
trol Abs (BD PharMingen), Analysis was performed on the BD Bio- 
sciences FACSCalibur. . 

Cytokine measurement. 1 ! 

For measurement of cytokines produced by the polarized cells, Thl or Th2 
cells were cultured as described above. Sttpernatants were collected after 
the second cycle of activation and ussuyed for cytokine secretion by 
ELISA, using kits obtained from Endogen (Woburn, MA). 

RNase protection assay 

RNA (10 /ig) was hybridized overnight with («."P]UTP-rudiolabeled 
RNA probes transcribed in vitro from cDNA templates indicated in Fig. 
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M. Overlapping ssRNA on hybridized dsRNAs wus digested, and pro- 
tected dsKNA duplexes were fractionarcd on densfuring-urea gels and pro- 
cessed for autoradiography. 

Northern blot analysis 

Northern blot analysis was performed with 20 ng RNA as described (20). 
The integrity and comparability of RNA preparations used for analysis 
were verified by agarose-formaldehyde gel electrophoresis; comparable 
amounts of 1SS and 28S rRNAs were detected for all RNA preparations. 
Mouse /3-actin, SOCSI, SOCS2, and SOCS3 cDNAs were used as hybrid- 
ization probeb. SOCS-specific cDNAs were kindly provided by D. Hilton 
(Walter and Eliza Hall institute, Melbourne, Australia) and H. Young (Na- 
tional Institutes of Heuldi. Belhestk, MD). 

Western blotting and immunoprecipitalion analyses 

Preparation Of Whole cell lysates, ifflmQnOprecipitalion, and immunodetec- 
tion were performed as described (21). Briefly, samples (40 ftg/lane) were 
fracrionaicd on 4-20% gradient SDS-PAGE, and SOCSI. SOCS2. SOCS3. 
or 0-actin-specific (Santa Cruz Biotcchnnlngy, Santa Cmz, CA) or anti- 
pSTAT4- or anti-pSTAT6-specific (Zymed Laboratories. San Prancisco, 
CA) polyclonal Ahs were used as probes. For immunoprccipitation, 0.2 mg 
whole cell extract was incubated will) protein G-agaruse (Pharmacia Bio- 
tech, Piscataway, Nj), and anti-S0CS2 Ab for ) h at 4°C and immune- 
precipitates were washed four times in lysis buffer before electrophoresis. 
Preimmune serum was used in parallel as controls and signals were de- 
tected with HRP-conjugaled secondary F(ab')j Ab (Zymcd Laboratories) 
using the ECU system (Amcrsham, Arlington Heights, IL). 

RT-PCR analysis 

RNA (5 fig). Superscript n Reverse Transcriptase (Life Technologies, 
Gaithcrsburg, MD), and oIigo(dT)i2_i 6 wer4 use *d for Crsl-stiand synthesis 
as previously described (21). Samples were subjected to hot-Start PCR in 
a reagent mix containing digoxigenin-1 1-dUTP (Roche, Indianapolis, IN) 
and AmpliTaq Gold DNA polymerase (Applied Biosystems, Foster City, 
CA). Primers used for PCR amplification are as follows. For SOCSI. 5'- 
CTCGAGTAGGATGGTAGCACGCAA-3 ' and .V-CATCTTCACGCT 
GAGCGCGAAGAA-3'; SOCS2, 5'-GACCAGCTGTCTGGGACGTGT 
TGA-3' and 5 '-GAGAG AGAAATACTTATACCrGG A AT-3 ' ; SOCS3', 
5'-TCK;GCCATGGTCACCCACAGCAAGTTT-3' and 5'-GCTCCTTA 
AAGTGGAGCATCArACTGA-3'. Fnr T-bct, 5 '-TGCCTGCAGTGCT 
TCTAACA-3' and S''TGCCCCGCTrCCTCTCCAACCAA-3'. For c-nia/; 
5'-GTGCAGCAGAGACACGTCCT-3' and 5 '-CA ACTAGCAAGCCCAC 
TC-3'. For GATA-3, GAAGGCATCCAGACCCGAAAC-3' and 5'-ACCC 
ATGGCGGTGACCATGC-3 '. For f3-actin. 5'-GTGGGCCGCTCTAGGCAC 
CAA-3' and 5'-TCTTTGCCAATAGTGATGACTTGGC-3'. Amplilicution 
was conducted for 35 cycles of 30 s each ut 0 5 0 C, fj0°C, and 72"C, followed 
by a final 10-tnin extension at 72°C, Under this condition, amplication was 
within die linear purtiun of the Taq umplification curve. First-strand synthesis 
containing each roRNA sample but no reverse transcriptase was performed to 
control for possible DNA contamination of mRNAs used as target for PCR 
amplification;, failure to obtain RT-PCR products with any of the PCR am- 
pliniers confirmed (lie absence of contaminating DNA templates. PCK-ampli- 
fied fragments wen: fractionated on 1.5% agarose gels, PCR products bom 
naive cells were transferred onto nylon membranes, and signal detection was 
by the nonradioactive method as recommended for the ECL detection system 
(Amersham). 

Quantitative RT-PCR analysis 

First-strand synthesis was performed as described above. A negative con- 
trol reaction without reverse transcriptase was performed for each RNA 
sample. RNA samples were normalized to IBS rRNA using the Taqman 
Ribosomal RNA Control Reagents kit (Applied Biosystcms). Real-time 
PCR was performed on an ABI 7700 (Applied Biosystems) or ICycIer iQ 
Real Tune PCR (Biu-Rad. Hercules. CA) Sequence Detection System with 
the following primers: for SOCSI, 5'-ACCTTCTTGGTGCGCGAC-3' 
and 5^AAGCCATCTTCACGCTGAGC-3'; for SOCS2, 5'-<iGTTGCCG 
GAC.KjAACACtTC.3' and 5'-GAGCCrCTTTTAATTTCTCTTTGGC-3'; 
for SOCS3. S'-CCfTCAGCTCCAAAAGCGAG-3' and 5'-GCTCTCCT 
GCAGCTTGCG-3 '. Hybridization probes used are: for SOCSI (6-corboxy- 
fiuoreseiu (6FAM>TCGCCAAa3GAACTGC'rrCTTCG-6-eaitioxytetra- 
mcthylrhndaminc (TAMRA); for SOCS2 (6FAM-CGCGTCTGGCGAA 
AGCCCTC-TAMRA): fur SOCS3 (6FAM-C:CAGCTGGTGGTGAACGC 
CGT-TAMRA), PCR primers and probes for GAPDH ure described in the 
TaqMan Rodent GAPDH Control Reagents kit (Applied Biosystems). PCR 
parameters are as recommended for the TaaMm Universal PCR master mix 
kit (Applied Biosystems). Triplicate samples of 10-fold Serial dilutions of 
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FIGURE 1. Patterns of cytokine gene 
expression of the .polarized Th cells. A. 
RNA protection assay using a mouse cy- 
tokine mulliprobe template set and RNA 
samples from Th, Thl, and Th2 cells; 
122, 1 12-bp protected ftapnenl of L32-3A 
mouse ribosomal protein. B, detection of 
IFN-y and IL-5 in supernatants from 
polarized Thl or Th2 cells by ELISA. 
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SOCS1, SOCS2, or SOCS3 plasmid cDNA were assayed and used to con- 
struct the standard curves. 

Results 

Generation of Ag-specific Thl or Th2 cell lineage 

Recent studies have shown that SOCS proteias inhibit IL-4 sig- 
naling and the cross-talk between IFN-7 and IL-4 signaling path- 
ways in hemopoietic cells (22, 23). Because these pathways have 
been implicated in Th cell differentiation and lineage commitment, 
we hypothesized that SOCS genes might he differentially ex- 
pressed in Th cells and may contribute to establishment of stable 
Thl or Th2 phenotype. To examine these possibilities, wc gener- 
ated HEL-specific Thl and Th2 cells from die spleen and lymph 
nodes of HEL-specific TCR Tg mice and characterized them by 
RPA and ELISA cytokine assays. As shown in Fig. 1, the Thl cells 
express relatively high levels of IFN-y but undetectable amounts 
of IL-4 or IL-5 mRNAs, whereas the Th2 cells contain relatively 
high levels of IL-4 and IL-5 mRNAs. Nonpolarized Th cells pro- 
duced lower leiels of all three cytokines. Adoptive transfer of the 
Thl cells into Tg mice expressing the HEL protein in the ocular 
lens produced delaycd-type hypersensilivity-like ocular inflamma- 
tory disease, whereas large numbers of the Th2 cells induced eo- 
sinophilic inflammation only in immunodeficient recipients (19), 
further underscoring the fact that polari7.ed T cells used in this 
study have the requisite phenotype expected of Th] or Tb2 lineage. 

SOCS I, SOCS2, and SOCS3 genes are differentially expressed 
in Thl and Th2 celts 

We dien examined the repertoire of SOCS family members ex- 
pressed in HEL-stimulaled nonpolarized (Th), Thl, and Th2 cells 
by Northern blot analysis. We found significantly higher levels of 
SOCSl and SOCS2 raRNA transcripts in Thl cells than in Th2 
cells (Fig. 24). In contrast, we detected a considerably higher level 
of the SOCS3 mRNA transcript in Th2 cells, with very little 
SOCS3 expression in Thl cells. Nonpolarized Th cells, consisting 
of both Thl and Th2 cells, produced low levels of all three SOCS 
transcripts. These results were obtained in three separate experi- 
ments that used independently derived Th, Th 1 , and Th2 cells. 

In concert with results of our mRNA analyses, the level of 
SOCSl protein detected in Thl cells by Western blot analysis is 
significantly higher than in Th2 cells (Fig. 2Ii). Conversely, we 
detected SOCS 3 protein in Th2 but not in Thl cells. Although we 
could not detect S0CS2 protein in either Thl or Th2 cells by 
Western blot analysis (not shown), it was detected in both cell 
types by immunoprecipitatton, albeit with higher amounts in Thl 
cells (Fig. 20). The low SOCS2 protein level is surprising consid- 
ering that Thl cells express high levels of SOCS2 mRNA tran- 
scripts. This may suggest that the SOCS2 protein is either unstable 



in Thl cells or that its steady-slate concentration is regulated at the 
level of translation. Together, our protein and mRNA data provide 
the first evidence Iliac SOCS are differently expressed in Thl and 
Th2 cells. 

Quantitative PCR analysis of SOCSl, SOCS2, and SOCS3 
expression in Thl and Thl celh 

We determined the abundance of SOCSl, SOCS2, and SOCS3 in 
Thl and Th2 cells by real-lime quantitative PGR assay. In Fig. 3, 
we show real-time PCR amplification profiles of mouse SOCSl, 
SOCS2, and SOCS3 cDNAs from resting Th. Thl, Or Th2 cells. 
Standard curves generated from the SOCS cDNA dilution series 
showed excellent linearity indicating precise, quantitative relation- 
ship between cDNA copy number, and fluorescence signal inten- 
sity wilhin the dynamic range of the assay (data not shown). As- 
suming that a typical mammalian cell contains 10 pg RNA, our 
real-time PCR data indicate that Thl cells contain - 1 276 copies of 
SOCSl transcripts per cell, as compared with only 246 copies in a 
Th2 cell. A similar analysis revealed a value of 1225 and 320 
copies of SOCS2 transcripts in the Till and Th2 cell, respectively. 
In contrast, 1297 copies of SOCS3 transcripts are detected per Th2 
cell and only 56 copies in Thl cell. The relatively high levels of 
SOCS expression in Th) and Th2 cells may be sufficient to influ- 
ence phenotype-specihe cytokine signaling and maintenance of the 
corresponding differentiated state. 

Effects of SOCS expression on IL-12 and 1L'4 signalmg in Thl 
and T\\2 cells 

Given the differential patterns of SOCS expression in Thl and Th2 
cells, we predicted that IL-4 signaling would be inhibited in Thl 
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FIGURE 2. SOCS!, SOCS2. and SOCS3 j;cnes are differentially ex- 
pressed in Thl and Th2 lymphocytes. A, Northern blot analysis (20 fig 
RNA/lanc) using "P-labcled SOCS cDNAs as probes; B. Western blot 
analysis using SOCSl or SOCS3 polyclonal Ab and 25 jug whole cell 
extracts from Thl or Th2 cells. For SOCS2 protein, 200 ixg extracts were 
immunoprccipitated and detected using SOCS2-spccific Ab. J3-A«in ex- 
pression was determined by Western blotting. 
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FIGURE 3. Quantitative detection of SOCS mRNA transcripts in Th cell types by real-time PCR. Amplification plots of the relative fluorescence 
intensity vs cycle number are shown for GAPDH, SOCS1. SOCS2 and SOCS3 target cDNAs. The dynamic range of each assay covers 1-10,000 cDNA 
copies. Bars show the number of copies (per cell) of SOCS1, SOCS2, and SOCS3 as calculated in the text. 



cells by the relatively high levels of SOCS 1 and SOCS 2 expres- 
sion in these cells. Conversely, wc expected marked inhibition of 
IL-12 signaling in Th2 cells by high constitutive expression of 
SOCS3. To test this hypothesis, we established long term Th) and 
Th2 cell lines as described above. Before use in our signaling 
studies, wc verified that these cells do indeed retain their respective 
phenotypes by examining expression patterns of transcription fac- 
tors that characterize ThJ or Th2 lineage. Consistent with pub- 
lished reports (2, 3), Thl cells expressed high levels of T-bct, 
whereas Th2 cells expressed relatively higher levels of GATA-3 
and c-ma/than did Thl cells (Fig. 4A). Analysis of these cells by 
real-time PCR verified that they retain their expected patterns of 
SOCS expression, with Thl cells expressing relatively higher lev- 
els of SOCS1 and SOCS2, whereas Th2 cells contain higher levels 
of SOCS3 (Fig. 4B). We Ihcn examined activation of STAT6 and 
STAT4 after treatment of the cells with cither IL-4 or IL-12 by 
Western blotting. In Th2 cells, IL-4 induced strong tyrosine phos- 
phorylation of STAT6, whereas activation of ST AT6 in Thl cells 
is barely detected (Fig. AC). Wc also detected activated STAT6 in 



untreated Th2 but not in Th 1 cells, suggesting that constitutive and 
inducible IL-4/STAT6 signals in Thl cells may be inhibited in part 
by high SOCS1 and SOCS2 expression. In contrast, IL-12 induced 
high levels of tyrosine-pbosphorylated STAT4 in Thl but not Th2 
cells, suggesting that the high constitutive SOCS3 expression may 
inhibit 1L-12/STAT4 pathway in these cells (Fig. AD). Although 
these results clearly show that expression of specific SOCS corre- 
lates with activation of specific STAT signaling pathways, this 
docs not necessarily constitute proof thai the specific SOCS mem- 
bers mediate the relevant pathways in vivo. 

SOCS genes are constitutive!)? expressed in naive n/)npolurized 
CD4' lymphocytes 

To determine whether differential regulation of the SOCS is intrin- 
sic to Th cells or derives from effects of cytokines that polarize Th 
cells to the Thl or Th2 phenotype, we analyzed SOCS expression 
in naive nonpolarized CD4 + T cells. Fresh CD4 + cells from the 
spleen and lymph nodes were isolated on a cell sorter as described 
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FIGURE 4. Analysis of transcriptional acti- 
vators and repressors in Till and Th2 cell lines. 
A, Detection of lineage-specific transcription 
factors T-bet, GATA-3, c-nutfby RT-PCR: B, 
quantitative detection of SOCS mRNA tran- 
scripts in activated Thl nr Th2 cell lines hy 
real-time PCR. Amplification plots nf the rela- 
tive fluorescence intensity vs cycle number for 
GAPDH, SOCS1. SOCS2, and SOCS3 laiEet 
cDNAs. Bars show the number of copies of 
each SOCS per cell. Shown are detection by 
Western btntting of pSTAT6 (O and pSTAT4 
(D) proteins in TbJ and Th2 whole cell extracts 
(25 /Lg) before and after treatment of the cells 
with either IL-4 or (L-12. 
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in Materials aid Methods. More than 99% of the sorted cells ex- 
press cell surface CD4. FACS analysis of the cells further reveal 
that they express high levels of CD62L and low levels of CD25, 
features associated with a naive phenotype (Fig. 5). Analysis of 
cDNAs from these cells for the expression of SOCS I, SOCS2. or 
SOCS3 gene by quantitative RT-PCR reveals constitutive cxpres- 
sion of SOCS1. SOCS2, and SOCS3 mRNA transcripts (Fig. 6). 



However, in contrast to significant amounts of mRNAs expressed 
in Th, Thl, and Th2 cells that allow their detection by the rela- 
tively insensitive Northern blot assay, the levels of SOCS tran- 
scripts in naive Th cells are very low; their detection required at 
least 35 cycles of PCR amplification (Fig. 6A). Of particular note 
is the relatively low abundance of SOCS1 transcripts detected by 
real-time PCR in the naive nonpolarized cells (Fig. 6B), 
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FIGITRE 5. Three-color flow cytometric analysis of soned CD4 1 CD62L l " t,1 CD25" uaive T cells. CD4" cells were stained with PE-Cy5-CD4, FITC- 
CD62L, or PE-CD25 Ab. A and C, Isoiypc controls. 



PAGE 6/8 * RCVD AT 5116/2007 9:19:25 AM [Pacific Standard Time) « SVR:SVCS01/2 ■ DNIS:6034 *_CSID:613 990 9719 * DURATION (mm-ss):0442 



05/16/2007 WED 12! 29 PAX 613 990 9719 CISTI 



0007/008 



3186 



SOCSl SOCSJ SOCS) 



B. 



V 

U 



u 

S 
■a 

n 

s 




socsi socs: socm 



FlGUKE 6. RT-PCR analysis of SOCSl, SOCS2, and SOCS3 expres- 
sion in naive CD4 1 T cells. A, cDNAs fmm sorted CD4" 1 ' aaivc T cells 
were subjected io 35 cycles of PCR amplification and detected as described 
in Materials and Methods; B, real-time PCRs on cDNAs from the sorted 
CD4 1 naive T ceUs were performed as described above. 



Discussion 

Positive regulatory transcription factors such as T-bel, GATA-3, 
STAT4, and STAT6 play critical rules in initiating primary im- 
mune responses and skewing the response toward die Thl or Th2 
pathway (2, 3, 10). However, the amplitude and duration of the 
response depend on precise fine-tuning and coordination of lym- 
phocyte responses, and diese aspects of the adaptive immune re- 
sponse arc rcgulalccl by endogenous feedback regulators of cyto- 
kine activities (11, 12). Prominent among this class of intracellular 
regulators are members of the SOCS family of proteins that mod- 
ulate cytokine signaling in hemopoietic cells by inhibiting kinases 
and activated STATs Or cytokine receptors (11, 12). Significant 
interest in the SOCS family stems from the belief that SOCS pro- 
teins may integrate multiple cytokine signals and mediate cross- 
communication between antagonistic cytokines elaborated by dif- 
ferentiating Th cells through their inhibitory effects on cytokine 
receptors (DL*4, IL-6, IL-10, IFN-y) and signaling molecules 
(JAKs, STATs, Tec, p95'°"). 

In this study, we found that three members of the SOCS family 
are differentially expressed in differentiated Th cells. Thl cells 
predominandy express SOCSl and SOCS2 but synthesize minute 
amounts of SOCS3 mRNAs or protein. Conversely, Th2 cells ex- 
press very high levels of SOCS3 but low levels of SOCSl protein 
and mRNA. .The relatively high levels of SOCS mRNAs and pro- 
teins and their restricted patterns of expression in Thl and Th2 
cells underscore the importance of particular SOCS members in Th 
cell subtypes. 

Furthermore, our data suggest that 1L-4/STAT6 signaling is re- 
pressed in Thl cells that constitulively express high levels of 
SOCSl but not in Th2 cells that contain relatively low amounts of 
SOCSl. This observation is consistent with another report showing 
that SOCSl inhibits IL-4 signaling in M12 H cell line (22). Con- 
stitutive expression of SOCSl in Thl cells is therefore consistent 
with a Th cell differentiation model in which SOCSl promotes 
differentiation toward the Tb) lineage by stably inhibiting 11^4 
signaling, thereby repressing Th2 differentiation. Because IFN-7 
signaling is dependent on activated STAT1 and tyrosine phosphor- 
ylation of STAT1 is under feedback-inhibition by SOCSl (5, 6, 
24), constitutive expression of SOCSl may also lead to abrogation 
of IEN-7 signaling and autocrine stimulation of Thl cells by 
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IFN-y. In fact, the inability to respond to lFN-y is a hallmark 
fetilure of Thl cells as Tli2 cells do respond to lFN--y signaling, 
and this has been attributed to the absence of IFN-7R2 receptors in 
Thl cells (25). We suggesi thai in addition to this explanation, it 
may well be that constitutive expression of SOCSl provides a 
fail-safe mechanism lhat ensures absence of IFN-y signaling in 
Thl cells. Thus, similar to T-bet, SOCSl is a Thl lineage marker 
and presumably promotes commitment to the Thl phcnolype. 

Although the roles of either SOCS2 or SOCS3 in lymphoid cell 
development have not been established, the preferential use of 
SOCS3 in Th2 but not Thl cells is suggestive of its role in the 
maintenance of Ihe Tli2 cell lineage. Therefore IL-12/STAT4 sig- 
naling is repressed in TJ12 cells with high constitutive expression 
of SOCS3 but not in Thl cells that contain relatively low amounts 
of this SOCS member (Fig. 4). Although there is no direct evi- 
dence implicating SOCS3 in the regulation of 1L-12, the very high 
endogenous levels of SOCS3 in Th2 but not in Thl cells suggest 
that SOCS3 may constitutivcly repress IL-12/STAT4 signaling in 
Th2 cells. Furthermore, in contrast 10 the low levels of SOCSl 
mRNA, SOCS3 mRNA is expressed at relatively high levels in 
nonpolarized Th cells, suggesting that this SOCS member may 
also contribute to die initial phase of die differentiation process. 
Constitutive expression of SOCS2 in naive and differentiated Th 
cells is particularly intriguing in dial this SOCS member functions 
primarily to regulare growth through its inhibitory effects on 
growth hormone-induced STAT5-dependent gene transcription. 
Given that FL-2 effects on Th cells arc mediated by STAT5-dc- 
pendent signaling pathways, overriding the negative regulation of 
these pathways by SOCS2 and possibly odier SOCS proteins may 
be a necessary requirement for Ag-depcndcnt proliferation and ac- 
tivation of Th cells. Ongoing studies are examining the levels of 
other SOCS family members such as SOCS4-7, cytokine-induced 
Src homology 2-C0ntaining protein (CIS), proteins containing 
SOCS box and WD40 repeats (WSB), proteins containing SOCS 
box and ankyrin repeats (ASB), proteins containing SOCS box and 
SPRY domains (S5B), and proteins containing SOCS box and a 
GTPase domain (RAR) in Th cells and investigating their possible 
involvement in Th differentiation process and/or maintenance of 
the polarised patterns of cytokine expression in Thl and Th2 cells. 

A major issue that must be resolved relates to the relative con- 
tributions of cytokine and TCR signaling in differential regulation 
Of SOCS expression in Thl and Th2. The fact thai SOCS expres- 
sion is relatively low in naive Th cells and is up-rcgulnled in re- 
sponse to activation or cytokine signaling suggests that the Th cell 
differentiation process and expression of SOCS proteins are coor- 
dinate^ regulated. On one hand, the up-regulation of SOCS. ex- 
pression by stimulation with the HEL protein in nonpolarized Th 
cells suggests thai TCR signaling contributes to SOCS induction. 
In contrast, the preferential up-regulation of SOCSl expression in 
Thl btil not Th2 cells after IL-12 stimulation argues for a role of 
cytokine signaling in SOCS regulation. Our data further suggest 
that high constitutive SOCS3 expression may be the default pattern 
of SOCS expression in CD4 + cells as naive Th cells, nonpolarized 
activated Th cells, and Th2 cells express relatively high levels of 
SOCS3 and very low levels of SOCSl. The functional conse- 
quences of elevated expression of SOCS3 may be to drive the 
majority ol'CD4 + toward a Th2 pattern of cytokine expression. In 
view of the significant increase of SOCS3 expression in response 
to Ag stimulation, it is tempting to speculate that a major impact 
of TCR signaling is transcriptional activation of the SOCS3 gene 
of naive Cf>4 + . However, cytokines can override the effects of 
SOCS3 during Th differentiation. In fact, a major effect of IL-12 
signaling in nonpolarized Th cells is to down-rcgulatc SOCS3 ex- 
pression in cells committed to the Th! lineage. In contrast to Th2, 
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Th. and naive CD4' 1 cells, Thl diflerentiaiion requires IL-12/ 
STAT4 signaling and induction of SOCS1. Selective induction of 
SOCSJ in differentiating Thl cells may inhibit IFN-y-induccd 
phosphorylation of STAT1, thereby preventing autoregulation of 
Thl cells by IFN-y. Thus, on activation in a target tissue during the 
course of an inflammatory response. Thl cells produce copious 
amoimls of IFN-y tbat act on cells in their microenvironmcnt.Diit 
they are refractilc to the effects Of ihis cytokine on gene transcrip- 
tion and cell cycle regulation. 

Jn summary, our data show that SOCS mRNAs and proleins are 
differentially expressed in Th) and Th2 cells. The polarized ex- 
pression of SOCS proteins in differentiated Th lymphocytes sug- 
gests that IL-12/STAT4- and rL.4/STAT6-signaling pathways 
may be repressed, at least in part, by a SOCS3- or SOCSl-mcdi- 
atcd mechanism, respectively. Thus, Th cells mat consdtutively 
repress STAT6 signals become Thl cells, and those that inhibit 
STAT4 activities develop into the Th2 pbcnolypc. Our findings 
provide impetus for further investigations into the roles of negative 
regulatory factors in Th cell differentiation and, given me critical 
roles that SOCS proteins play in the termination Of immune or 
cytokine responses, it is lilcely that other members of the SOCS 
family may also regulate Th cell lineage commitment and main- 
tenance. These findings are of interest not merely in the context of 
Th differentiation but also because SOCS1 and SOCS3 proteins 
can serve as potential therapeutic targets for immune modulation 
therapy to skew the immune response toward a desirable outcome. 
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Abstract 

Aim — To examine the contribution of 
infiltrating cells in the local production of 
cytokines within the vitreous of patients 
with proliferative vitreoretinopathy (PVR). 
Methods — The presence of mRNA coding 
for IL-6, IL-8, IL-ip, IL-lu, TNFa, IFNy, 
IL-12, and HPRT was investigated in 25 
vitreous samples from patients with PVR, 
11 vitreous samples from patients with 
retinal detachment (RD) not complicated 
by PVR, and 10 vitreous samples from 
patients with macular hole (MH). A 
quantitative reverse transcriptase 
polymerase chain reaction (RT-PCR) 
using an internal competitor was used to 
investigate these samples. From these 
samples, IS PVR, 8 RI>, and 8 MH were 
analysed for the protein levels of the same 
cytokines using enzyme linked immuno- 
sorbent assay (ELISA). Spearman corre- 
lation was used to test any association 
between mRNA and cytokine protein lev- 
els, as an indicator of the contribution 
these cells make to the intravitreal cyto- 
kine milieu. 

Results — A strong correlation was found 
between mRNA and their respective cyto- 
kine levels (protein products) for IL-6, 
IL-8, IL-ip, IL-lu, TNFa, IFNy (Spear- 
man f = 0.83, 0.73, 0.67, 0.91, 0.73, and 0.73 
respectively), but not for IL-12. The 
median levels of IL-6, IL-8, IL-lp, and 
IFNy mRNA and their respective cyto- 
kines were significantly higher (p <0.05) in 
patients with PVR than in those with 
macular hole. There was no statistically 
significant difference in the median levels 
of IL-la mRNA between PVR and MH but 
the cytokine IL-la was detected at a 
significantly higher level in PVR com- 
pared with MH patients. Between PVR 
and RD patients, there was no statistically 
significant difference in mRNA levels for 
all the investigated cytokines (p >0.05) 
except for IL-6 where there was a statisti- 
cal significance (p= 0.038). In contrast, the 
median levels of IL-6, IL-8, and IL-lp 
cytokines were significantly higher (p 
<0.05) in patients with PVR than in those 
with RD, whereas for IL-la and IFNy no 
significant statistical difference was de- 
tected between PVR and RD patients (p 
>0.0S). When results of RD and MH 
patients were compared, a statistical dif- 
ference was only detected in mRNA levels 
of INFy (p — 0.008). However, no difference 



was detected for INFy (protein product) or 
for any of the other cytokines between RD 
and MH patients. 

Conclusion — Levels of both protein and 
mRNA encoding IL-6, IL-8, IL-lp, and 
IFNy is significantly increased in vitreous 
samples from patients with PVR. The 
strong correlation between ELISA detect- 
able cytokines (protein products) and 
their respective mRNA levels suggest that 
intravitreal, invasive cells are the major 
source of these cytokines, with the excep- 
tion of IL-12. Cells invading the vitreous 
do not appear to locally produce IL-12 
mRNA. This would appear to implicate 
cells peripheral to the vitreal mass as the 
major source of this cytokine. 
(Br J Ophthalmol 200 l;85:46 J-470) 



Proliferative vitreoretinopathy (PVR) is still 
the most common cause of failure of surgery 
for rhegmatogenous retinal detachment 
(RRD) despite the substantial effort that has 
been devoted to better understanding and 
management of this condition during the past 
25 years. 1 "' Ii is characterised by the formation 
of membranes extending along both sur- 
faces of the detached retina and within the vit- 
reous. 1 

The PVR process can be considered as a 
modified wound healing process, which is initi- 
ated by injury (recinal break) that causes a reti- 
nal detachment. The most important factor is 
probably the excessive inflammatory reaction 
that occurs in some clinical situations that pre- 
dispose to PVR. The exact pathogenic mecha- 
nisms involved in the formation of PVR are not 
completely understood. However, five distinct 
stages appear to be important in its develop- 
ment including breakdown of die blood-retinal 
barrier (BRB), chemotaxis, and cellular migra- 
tion, cellular proliferation,, membrane forma- 
tion with remodelling of the extracellular 
matrix, and contraction. '*"* 

Cytokines are polypeptides produced prin- 
cipally by activated inflammatory and immune 
cells that regulate immune response and 
inflammatory reactions.' They act as chemical 
mediators between different cell types and, 
either by themselves or by interacting with 
each other, the cytokine networks may medi- 
ate cellular mechanisms of migration, prolif- 
eration, and differentiation, which are involved 
in PVR membrane formation. 6 Interleukin 1 , 
(IL-1) and IL-6 are functionally related 
cytokines that have broad spectrum of activity 
in inflammation and wound healing. In wound 
healing, IL-6 stimulates the proliferation of 
fibroblast and glial cells and die synthesis of 
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Tabic J Primer sequences^ deletion, and target information: all PCR targets arid deletion sites are given as nucleotide 
positions from the cited Gcnbank sequence. The a printer in each case was synthesised tuith a 5' fluorophore attached 
(fiuorophores arc those marketed by AIM Applied Biosystents Ltd) 



Target 


Accession No 


PCR proilitct 


Deletion site 


Primer sequence f5' 3 l ) 


Fluoivpliore 


HI'HTT 




'iU /— jOO 


537— 54 1 


tr,\ r* A c~c* a (^Tr A Af Af \f \t It I af' A'l * 
/l\ /Y" JfV'TlVIif °f A' t Y'"l 'i'rr A 


Hex 


11 .-I u 


M2R983 


496-070 


521-525 


(a) GCTGCTGCATTACATAATCTGG 

(b) TGGGTATCTC'AOGCATCTCC 


Fam 


iwp 


Ml 5330 


8.1-1 H2 


15:3-157 


(a) AGCCATGGCAGAAGTACCTG 
Cb) C ATCTGTTTAG GGC C A' PC AG 


Hex 


IL-6 


Ml 4584 


188-332 


212-216 


(a) AGGTTGTTTTCTGCCAGTGC 

(b) CACACAGACAGCCACTCACC 


Ham 


IL-8 


M26383 


36 253 


222-226 


(a) AAGAAACCACCGGAAGGAAC 

(b ) TCjTGGTCCACTCTCAATCACTC 


Fain 


11.-12 


M<>5272 


835-963 


862- 866 


(a) CCACATTCCTACriTCTCCCTGA 

(bj gci AAiGCTGOCArrrr roc 


Tct 


TNFii 


X01394 


2B4-512 


306-310 


(a) CACCACGCTCTTCTGCCT 

(b) tctcagctcc:a<:gccait 


Fam 


IFNy 


M20383 


501-642 


524-528 


(a) TGACTTGAATGTCCAACGCAAAG 


Tet 








Cb) GCAGGACAACCATTACTGGGATG 





collagen," whereas IL-1 stimulates the 
migration of retinal pigment epithelial (RPE) 
cells. 10 

Tumour necrosis factor alpha (TNFu) is 
known to be chemotactic for monocytes and 
fibroblasts," and it acts synergistically with 
interferon gamma (IFNy) and IL-1 in the 
induction of ICAM-1 by RPE cells. This may 
contribute to the immunopathologica! proc- 
esses in this disease.' 2 

Macrophages, monocytes, T lymphocytes, 
neutrophils, RPE cells, and glial cells are found 
in the vitreous of patients with PVR. 1 * In RD 
the presence of these cellular components is 
variable and the vitreous in MH patients is 
largely devoid of inflammatory cells. Neu- 
trophils and monocytes, which play an impor- 
tant part in PVR development," are attracted 
to inflammatory sites by chemokines such as 
IL-8. Most cellular components of PVR mem- 
branes, including the RPE cells and macro- 
phages, are capable of secreting these 
cytokines. 14 -"' 

Many studies have been conducted to ascer- 
tain the expression of the various cytokines in 
the vitreous and PVR membranes and their 
relation to the development of PVR."" M These 
studies have examined either the proteins 
present within the vitreous, or a limited 
number of cytokine mRNAs from intravitreal 
cells, but not both together. Thus, while the 
proteins have been shown to be present and the 
potential of cells to express some cytokine 
mRNAs locally has been reported, there has 
been no correlation between cytokine levels 
within the vitreous and the potential for 
production ■ by the invasive cells. This is 
essential to establish the impact of cytokine 
production by the invasive cells on the overall 
environment. 

In previous work from this laboratory" we 
reported the detection of ILlp, II..6, II.-8, and 
TNFa mRNA in vitreous samples from 
patients with PVR, RD, and MH; however, the 
methodology used was not quantitative and 
thus the significance of die production of 
mRNA in relation to die secreted proteins 
could not be determined. 

In this study we have significantly expanded 
our investigations by using quantitative tech- 
niques for bodi mRNA and ptotein detection, 



and have expanded the range of studied 
cytokines to include IFNy, ILlu, and IL12 as 
well as those previously mentioned. To our 
knowledge this is the first quantitative 
measurement of both mRNA and protein 
expression in these conditions. This has 
allowed us to correlate mRNA and secreted 
cytokine protein levels to determine whether 
the cells invading the vitreous play a major part 
in the production of the detected cytokine 
milieu. In addition, we have addressed, for die 
first time, the contribution of IL-1 2 in the 
pathogenesis of PVR. 

Materials and methods 

PATIENTS 

A total of 46 consecutive patients (25 with 
PVR, 1 1 with RD not complicated by PVR, 
and 10 patients with macular hole (MH)) in 
whom vitrectomy was considered necessary, 
were investigated in the ophthalmology de- 
partment, QMC, Nottingham, UK. Of the 46 
patients, 31 were men and 15 were women. 
The mean age was 49 years (range 30—87 
years). Indications for vitrectomy in eyes with 
RD were failure of retinal reattachment by 
conventional methods (buckling and cryo), 
giant breaks, very posterior breaks, and multi- 
ple breaks not suitable for buckle. Patients 
with a history of recent trauma (3 months), 
concurrent eye conditions such as infection, 
vitreous haemorrhage or uveitis, and current 
topical or systemic steroids were excluded. 
The severity of PVR was graded according to 
the criteria of Retina Society Terminology 
committee. 1 The same observer followed up 
patients for a period ranging between 4 and 1 8 
months (average 9 months). Data concerning 
the number of surgeries before PVR develop- 
ment, duration of retinal disease, and severity 
and recurrence of PVR were documented for 
the purpose of this study. Patients admitted 
into the study gave their informed consent and 
the study complied with the Declaration of 
Helsinki. 

VITREOUS SPECIMENS 

Samples were obtained through the conven- 
tional three port closed vitrectomy technique. 
They were collected undiluted by manual suc- 
tion into a syringe through the aspiration line 
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Figure I A typical electropherogram plot showing the size and area peaks for mimic and unknown (sample) of 
investigated cytokines. (A) Positive sumples, (B) negative samples. Unknown conccniratwn — (area of unknaumlarea of 
mimic) x mimic concentration. . 



of viureccome before opening the infusion 
line. Intraocular pressure was maintained by 
indentation. When a sample of approximately 
0.75-1 ml was obtained the ocutome was with- 
drawn and infusion commenced to restore 
ocular volume. Samples were then transferred 
to 1 .8 ml polypropylene tubes and prepared 
immediately following surgery. Cells were 
pelleted by centrifugation at 2500 rpm for 
10-15 minutes. Supernatants were divided 
into aliquots and stored at -70°C until used 
for enzyme linked immunosorbent assays 
(ELISA). Cellular pellets were processed rap- 
idly to prevent RNA degradation. Total RNA 
was extracted using the RNeasy method (Qia- 
gen, UK) following manufacturer's procedure. 
RNA was stored at -70°C until cDNA synthe- 
sis arid PCR reaction were carried out. cDNA 
was prepared from all the RNA extracted from 
each sample using oligo-(dT) priming in ready 
to go cDNA synthesis tubes (Pharmacia 
Biotech, UK) following the manufacturer's 
procedure. 

QUANTITATIVE RT-PCR REACTIONS 

Printers 

Primer pairs, one of which was fluorescent dye 
labelled, were synthesised by MWG Biotech 
(MWG, Germany). All primer pairs were vali- 
dated by sequencing of PCR products gener- 
ated under the conditions stated. For primer 
sequences see Table 1 . 

To correct for variation in amplification effi- 
ciency between individual reactions, target 



cDNA was co-amplified with an internal com- 
petitor (mimic) of known concentration using 
the same fluorescent labelled printers. Quanti- 
tative PCR was performed using a variation of 
the method of Pannetier, 26 which provides 
quantitative data even when the PCR is cycled 
into saturation. This is only possible if the 
competitor sequence is essentially identical to 
the true target sequence. 27 Highly homologous 
competitor DNA (mimics) were generated by 
PCR mutagenesis of the true PCR products for 
each target sequence. Five base pair deletions 
were produced in each mimic, 25 bases from 
the 5' end of either the a or b primer site 
(depending on most suitable primer design). 
The location of the PCR targets and deletions 
are given in Table 1 . This method gives mimics 
which, when co-amplified with cDNA, remain 
proportional across the detectable range of 
fluorescent detection (approximately 4 logs) 
(data not shown). The mimic PCR products 
were cloned into pT7 blue (Novagen, UK) and 
verified by sequencing. 

PCR amplification was performed by adding 
1 ul of each cDNA sample to a final reaction 
mixture of 25 ul containing 60 miM TRIS.C1 
(pH 8.0), 15 mM (NH^SO,, 2 mM Mg Cl 2 , 
0.2 mM each dNTP, 0.01% Tween 20, 0.5 
units Amplitaq Gold (Perkin F.lmer, War- 
rington, UK), 0.2 uM each primer; iO* single 
strands per reaction of appropriate mimic was 
added. In negative controls no sample was 
added to the reaction mix although mimic was 
still included. Amplification cycles (performed. 
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t'igure 2 mRNA levels of different cytokines normalised to HPRT in virmyus aspirates obtained from patients toith 
proliferative vilrcorctinupathy (PVR), retinal detachment (RD), and macular hole (MH) (control), n = number of 
invcytiguied samples. 



on a Progcnc instrument from Techne, UK) 
were; 94"C, 10 minutes, then 37 cycles of 
94°C, 1 minute; 54°C, 1 minute; 72°C, 
1 minute 30 seconds; followed by 72 r C for 15 
minutes. Fluorophore labelled PCR products 
(0.5 ul) were separated and analysed by 
capillary electrophoresis under denaturing 
conditions (POP4 polymer) on a Prism310 
genetic analyser, (Applied Biosystems). Run 
conditions were 5 seconds injection, 1 5 kV, run 



24 minutes at 15 kV, 60"C, 36 cm capillary 
(length to detection). Size and area of DNA 
peaks were obtained using standard software 
(Genescan version 2.0 and Genotyper vl.1.1. 
Perkin Elmer ABI). The amount of each cyto- 
kine mRNA in the samples was calibrated by 
the known concentration of mimic using the 
following formula: 

Unknown concentration = (area of unknown/ 
area of mimic) x mimic concentration 
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Table 2 Cytokine mRNA levels normalised to HPRT in vitreous samples with summary 
of statistical data analysis 



p Value 



Cyrakijic mlij\'A 


,\'o 


-V (%j 




Aiedian 


IQR 


vALH 


v RD 


PVR: 














IL-67HPRT 


2"> 


1 u (76) 


0.16 


0.02-1.03 


0.005 


0.038 


IL-SU-H'RT 


25 


23 (92) 


4.43 


0.81-1:1.87 


11.000 


0.081 


IL-jp/HPRT 


25 


16 (6-1) 


0.04 


0.0-0.42 


0.004 


0.086 


TNFn/HPRT 


25 


5(20) 


0.0 


0.0-0.0 


1- 


t 


lUlu/HPRT 


25 


14 (50) 


0.03 


0.0-0.24 


0.200 


0.072 


IFNy/HPK'l' 


21 


1 8 (85) 


2.91 


0.10-8.79 


<0.0U1 


0.838 


1L-12/IIPRT 


21 


2 (10) 


0.0 


0.0-0.0 


t 


t 


RD: 










v MH 




IL-6/I f PRT 


M 


3 (27) 


0.0 


0.0-0.50 


0.531 




IL-8/HPRT 




7 (64) 


0.3*5 


0.0-4.82 


0J43 




IL-1B/HPRT 




3 (27) 


0.0 


0.0-0.13 


0.331 




TNFa/HPRT 




0(0) 


0.0 


0.0-0.0 


t 




IL-la/HPRT 




2 (18) 


0.0 


0.0-0.02 


0.912 




ll'Ny/HPRT 




7 (78) 


4.4 


0.75-737 


0.008 




IL-12/HPRT 




1 (11) 


0.0 


0.0-0.0 


t 




MH: 














IL-C/HPRT 


10 


1 ("0 


0.0 


0.0-0.0 






IL-8/HPRT 


10 


3 (30) 


0.0 


0.0-0.570 






IL-1IJ/HPRT 


10 


1 (10) 


().(! 


0.0-0.0 






TNF«/HPKT 


10 


0 (0) 


0.0 


0.0-0.0 






IL-la/HPRT 


10 


2 (20) 


0.0. 


0.0-0.12 






IFNy>HPKT 


10 


. 3(30) 


0.0 


0.0-0.0 






1L-I2/HPRT 


10 


0(0) 


0.0 


0.0-0.0 







No ="- number of samples examined; N = number of positive samples; IQR = 
*Signincam difference p<0.05 between die two groups (Mann- Whitney), 
■f No statistical difference was found between groups (Kruskal-Wallis): 



interquartile range. 



HPRT (hypoxanthine phosphoribosyl trans- 
ferase), a constitutively expressed housekeep- 
ing gene was used to normalise the amount of 
mRNA present in each sample. Peak detection 
by the analysis software is set to detect appro- 
priately shaped peaks, in the designated size 
range for each PCR product, with a height of 
more than 30 arbitrary fluorescence units 
(AFU) over baseline. Baseline fluorescence for 
the detection system is, on average, 20 AFU, 
with some digital noise from the CCD, which 
is automatically filtered out. Typical electroph- 
erogram plots showing the size and area of 
peaks for mimic and unknown are shown in 
Figure 1 . 

Enzyme linked immunosorbent assays (ELISA) 
From previously examined vitreous samples, 
1 5 PVR, eight RD, and eight MH were exam- 
ined for dieir levels of IL-6, II .-8, IL-1 P, IL-la, 
TNFa, IFNy, and IL-12 using sandwich 
enzyme immunoassay kits (R&D systems, 
Oxon, UK). Different types of kits were used 
according to sensitivity and expected levels of 
different cytokines. A calibration run was made 
on a few vitreous samples before each assay, to 
determine die appropriate sample dilution. A 
dilution of 1 :3 was found to be appropriate for 
all cytokines with the exception of IL-1 P where 
a dilution of 1 :2 was used. These preliminary 
assays ensured that the levels of factors in the 
samples were within the detectable range of the 
assay kits. 

The vitreous sample volumes used were 1 50 
ul for IL-6, IL-8, and IL-1 (3. and 200 (il for 
TNFu, IL-1 a, IFNy, and IL-12. Sonicarion 
(on ice) was performed to completely disrupt 
formed vitreous and yield homogeneous sam- 
ple for assay and prevent loss of antigenic 
activity. All samples were examined in dupli- 
cates and the average reading was analysed. 



The minimum detectable concentrations (sen- 
sitivity) for the assay kits were 0.3, 1.6, 0.125, 
3.9, 0.7, 15.6, and 0.7 pg/ml for IL-6, IL-8, 
IL-l(i, IL-1 a, TNFa, IFNy, and IL-12 respec- 
tively. Elisa assays were carried out according 
to the manufacturer's instructions. 

STATISTICAL ANALYSIS 

Non-parametric tests were used for statistical 
analysis of our data, which is not normally dis- 
tributed. Samples were divided into three 
groups — PVR, RD, and MH. Vitreous cyto- 
kine levels between groups were analysed using 
the Kruskal-Wallis test, and the levels between 
two groups were compared using a Mann- 
Whitney test. The Spearman correlation test 
was vised to test any association between 
mRNA and cytokine protein levels. Groups in 
different clinical variables were compared 
using Kruskal-Wallis and Mann- Whitney tests 
whenever appropriate. Statistical calculations 
were performed using commercial software 
(Prism version 2.01). 

Results 

CYTOWNK mRNA 

mRNA levels of different cytokines in vitreous 
samples from patients with PVR, RD, and MH 
were normalised to the level of HPRT mRNA 
detected in the sample. The HPRT mRNA 
level would reflect the cellularity of the 
sample. Uniformly low levels of HPRT were 
detected indicating the low number of cells 
present in the vitrectomy samples. By normal- 
ising rhe cytokine mRNA against HPRT 
mRNA for each sample, spurious differences 
in cytokine mRNA levels between samples, 
were avoided. These results are shown in 
Figure 2. 

The median levels of IL-6, IL-8, IL-lp", and 
IFNy mRNA were significantly higher (p 
<0.05) in patients with PVR than those with 
macular hole. There was no statistically signifi- 
cant difference between the median levels of 
die two groups for IL- la. 

Comparing PVR with RD patients, there 
was no statistically significant difference in 
mRNA levels between the two groups in all the 
investigated cytokines (p >0.05) except for 
IL-6 where, there was statistical significance 
(p = 0.038). The median level of IFNy mRNA 
was significantly higher (p = 0.008) in patients 
with RD than those with MH, otherwise there 
was no significant difference between the two 
groups. 

There were very few samples with detectable 
mRNA levels for TNFa and IL-12, (no signifi- 
cant difference between groups was found- by 
Kruskal-Wallis test). Number and percentage 
of samples with delectable levels of mRNA for 
different cytokines and the results of statistical 
analysis berween different groups are summa- 
rised in Table 2. 

CYTOKINE PROTEIN ASSAY 

Levels of different cytokines in vitreous sam- 
ples from patients with PVR, RD, and MH 
expressed in pg/ml are shown in Figure 3. A 
summary of the available data and statistical 
analysis is shown in 'liable 3. The median levels 
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Figure 3. levels of different cytokines in vitreous aspirates obtained from patients wilt) proliferative 'jitreorerinnpathy 
(PVR), retinal detachment (KU), and macular hole (AiH) (control) . n = number of investigated samples. Detection levels 
were (0.3, 1.6, 0. 125, 3. 9, 0.7, IS. 6, and ft 7 pgiml for II. -6, IL-8, IL-lp, IL-ln, TNFa, IFNy, and IL-12 respcctiwly. 



of IL-6, IL-8., and IL-1P were significantly 
higher (p <0.05) in patients with PVR than 
those with MH and RD. For IL-la and IFNy, 
a significant statistical difference was detected 
between PVR and MH groups (p<0.05) but 
not between PVR and RD patients (p>0.05). 
No significant difference was found between 
RD and MH groups in all the tested cytokines. 
According to Kruskal-Wallis test no significant 
difference between groups was found for 
TNFa and IL-1 2 (p>0.05). 



CORRELATION BETWEEN mRNA AND CYTOKINE 
PROTEIN LEVELS 

A total of 31 pairs of samples were analysed 
(29 for IFNy and IL-1 2) for their mRNA and 
protein correlation levels. Statistically signifi- 
cant correlation was found between mRNA 
and cytokine levels for IL-6, IL-8, IL-1 (3. 
IL-1 a, TNFa, IFNy, Spearman r = 0.83, 0.73, 
0.67, 0.91, 0.73, and 0.73 respectively. No sig- 
nificant correlation was found between mRNA 
and cytokine levels for IL-12 (r= 0.18). 
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Table 3 Cytokine levels expressed in pg/ntl in vitreous samples faith summary of statistical 
data analysis 



(Jytakitic 










p Xhlue* 




- 
No 


N f%) 






; 


z' RD 


PVR: 














IL-0 


15 


14 (93) 


190.6 


1 36.4-725.6 


<0.001 


0.002 


11.-8 


15 


1 3 (86) 


63.56 


41.37-128.6 


0.003 


0.018 


IL-iP 


15 


15 (100) 


0.R2 


0.57-1.99 


0.004 


0.014 


ll.-lu 


15 


9 (60) 


18.1 


ND-49.60 


0.033 


0.205 


TNFa 


15 


2 (13) 


ND 


ND 


t 


t 


IFNy 


15 


1 2 (80) 


2O0.8 


68.37 426.3 


0.030 


0.129 


IL-12 


15 


10 (67) 


1.457 


ND-349.8 


t 


t 


RD: 










vMII 




IL-6 


e 


6 (75) 


42 


14-50.92 


0.(105 




IL-K 


H 


6 (75) 


22.93 


9.08 -30.95 


0.195 




11.-1(1 


s 


7 (88) 


0.34 


0.22-0.66 


0.382 




IL-la 


8 


4 (50) 


6.25 


ND- 16.05 


0.160 




TNFa 


6 


0 (0) 


ND 


ND 


t 




IFNf 


8 


5 (63) 


27.15 


ND-165.1 


0.382 




IL-12 


6 


4 (67) 


14.51 


ND - L365 


t 




Mil: 














IL-0 


S 


6(75) 


4.34 


0.83-7.05 






II .-8 


8 


5 (63) 


2.50 


ND-22.35 






IL-1P 


8 


4 (50) 


0.14 


ND-0.49 






IL-lu 


fi 


1 (13) 


ND 


ND 






TNFa 


8 


0(0) 


ND 


ND 






IFNt 


fi 


2 (25) 


ND 


ND-40.22 






IL-12 


8 


3(38) 


ND 


ND-0.87 







No = number nf samples examined; N = number of positive samples; 1QR = jncetquarcile range; 
ND = below detection level (0.3, 1.6, 11.125, 3.9, 0.7, !5.6, ami 0.7 pgftnl for IL-6, IL-8, 1L-1B, 
IL- 1 a, TNFa, IFNt, and IL- 1 2 respectively. 

'Significant difference p<0.05 between the two groups. (Mabn-VCTiitncy). 
fNo Ktulisticul difference was found between groups (Kruskal-WaMis). 



inRNA LEVELS AND RKllATION TO CLINICAL DATA 

Table 4 shows summary of clinical variables 
investigated and their relation to mRNA levels 
for different cytokines.^ No significant differ- 
ence was found between different clinical 
groups in their mRNA cytokine levels (p 
>0.05). 

Discussion 

The precise role of individual cytokines in the 
pathogenesis of PVR is not obviously clear, but 
their involvement in regulating immune and 
inflammatory responses has been well de- 
scribed. 7 

mRNA quantitation can provide infor- 
mation on gene expression and its control, and 
help in understanding the regulatory systems 
governing it and the physiological role it 
performs. 38 However, mRNA level is a reflec- 
tion of gene expression and not protein 
production, and there is not always a correla- 
tion between mRNA and secreted protein 
levels and this depends upon the regulatory 
mechanisms for any particular expressed gene. 



By studying both mRNA and secreted protein 
the usefulness of RT-PCR assays was substan- 
tially enhanced. The good correlation demon- 
strated between mRNA and the respective 
cytokines suggests that, in PVR, mRNA 
estimation can be an indicator of the respec- 
tive cytokines secreted. Competitive polymer- 
ase chain reaction (PCR) is considered the 
method of choice for gene expression studies 
in small clinical samples. The accurate quanti- 
tation of PCR products relies on the use of an 
internal standard, which is designed to contain 
primer binding and Hanking sequences identi- 
cal to the target gene fragment. 2 ' 30 In this 
study the internal standard (mimic) was suffi- 
ciently different in size from the target gene 
fragment (five bases shorter) for unambiguous 
detection, but is close enough in size to ensure 
minimal differences in amplification effi- 
ciency. The final ratio of amplified target to 
the amplified competitor is dependent on the 
initial ratio of the target to the competitor, 
rendering the reaction independent of the 
number of amplification cycles. JU Previous 
work to detect mRNA coding for IL-6, IL-1 |i, 
and TNFa in epiretinal membranes from 
patients with PVR was carried out by Limb et 
aim 1994. 11 They used an in situ hybridisation 
technique which, aldiough sensitive, is techni- 
cally very demanding for obtaining data on 
quantitation. We recently reported the use of 
RT-PCR technique to detect mRNA for IL-6, 
IL-l(i, IL-8, and TNFu in vitreous samples 
from patients with PVR. 25 However, no data 
on the measurement of the protein product 
(cytokines), in the samples studied, were 
presented. 

Unlike other inflammatory conditions such 
as coeliac disease," and rheumatoid arthritis," 
in which large amounts of cytokine mRNAs 
may be expressed in the heavily infiltrated 
affected tissues, the present results showed 
that vitreous samples in PVR possessed 
relatively little cytokine mRNA reflecting the 
relatively lower number of cells. Although 
direct estimation of total mRNA in each sam- 
ple was not carried out, the levels of HPRT 
mRNA detected were low, indicating that the 
overall cellularity of the vitreous samples was 
low. In our study, there was a general trend 
towards higher levels of IL-6, IL-8, IL-1 p, and 
IFNy mRNA in retinal detachment (whether 
or not complicated by PVR) than MH 



Table 4 Relation between clinical variables and cytokine mRNA level normalised to HPRT 

Number of patients zcith detectable cytokine mRNA levels (%> 



Clinical variable 




No 


7L-6/fiPRT 


II.-XJIIPRT 


IL-ipiHl'KT 


IFNy/HPRTf* 


IL-Ja'HPRT 


Severity 


C1-C2 


19 


13 (68) 


17 (89) 


12(63) 


14 (87) 


10 (52) 




C3D2 


6 ' 


6 (100) 


6 (100) 


4 (66) 


4(80) 


4 (66) 


Duration 


2-8 weeks 


14 


10(71) 


14 (100) 


8(57) 


1 1 (84) 


9 (64) 




8 14 weeks 


5 


4 (80) 


■1 (80) 


3(60) 


3(75) 


3 (60) 




> 1 4 weeks 


6 


5 (83) 


5 (83) 


5 (83) 


4(100) 


2 (33) 


Recurrent* 


No 


14 


9 (64) 


12 (86) 


7(50) 


10 (83) 


6 (43) 




Yes 


11 


10(91) 


1 1 (100) 


9 (82) 


8(89) 


8 (72) 


Nu uf previous surgeries 


0 


7 


5(71) 


b (86) 


4(57) 


5 (100) 


3(43) 




1 


11 


7 (63) 


10 (91) 


6(54) 


8 (80) 


6(55) 




2-4 


7 


7 (100) 


7(100) 


6(8G) 


5(83) 


5(71) 



No = number of samples examined. 

*Numbcr of samples investigated in each clinical group w*n slightly less than the examined number for other cytokines, due to 
insufficient sample. 
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samples. However, statistically significant 
higher levels were found only in PVR samples. 
Similarly, cytokine protein levels were 
significantly higher for IL-6, IL-8, II .-ip in 
PVR than RD and MH. Apart from I1..-12, a 
significant correlation was found (r >0.4) 
between mRNA and protein levels in all the 
investigated cytokines. The substantial varia- 
tion in values within each group of patients, 
and the number of samples available limit the 
conclusions that can be drawn from this initial 
study. 

The presence of cytokine protein without 
detection of its mRNA was apparent in some 
samples (eight samples for IL-6, seven for 
IL-8, 10 for IL-lp, one for IL-lct, and two for 
IFNy). Since translation of mRNA occurs rap- 
idly, this observation does not preclude that 
these cytokines arc produced within the ocular 
mtcroenviroiiment. Cytokines may also be pro- 
duced outside the vitrcal microenvironment 
and permeate the vitreous during breakdown 
of the blood retinal barrier. Alternatively, 
cytokines may be expressed by the retina, 
which is known to be a source of many 
cytokines and growth factors. 54 Retinal tissue is 
a potential contaminant for vitreous samples 
and dissected cpiretinal membranes. Scleral 
wounds created during vitreoretinal surgery 
can act as an important source for growth fac- 
tors and cytokines." 

In contrast, several samples were found to 
have mRNA for a cytokine in the absence of 
detectable protein (four samples for IL-8, one 
for 1L-1 p, four for IL-la, three for TNFa, and 
four for IFNy). Cytokine proteins may be 
present below the detection levels of the 
ELISA kits used. Another possibility is that 
some of these cytokines are bound to extracel- 
lular matrix in cpiretinal membranes and not 
present free in the vitreous (as has been previ- 
ously shown for TNFu for example).'" In addi- 
tion, regulation of secretion of these cytokines 
at translational and post translational levels 
may occur. 

It was not possible to identify any relation 
between cytokine mRNA levels and different 
clinical groups, perhaps because of the small 
number of samples available in each group. In 
a recent study, 24 in which large numbers of 
patients were investigated for fewer cytokines 
by ELISA, IL-6 levels in vitreous were found 
to be predictive for the development of 
postoperative PVR. The presence of these 
cytokines in some macular hole and retinal 
detachment vitreous samples suggests that any 
role that these cytokines have in promoting the 
development of the epiretinal membranes 
might result from an altered balance in their 
activities, difference in their microdistribu- 
tion, or change in receptor expression or activ- 
ity rather than the absolute presence or 
absence of the factor. 

In the present study, the types of cells 
expressing each cytokine were not identified. 
However, the majority of cells present in the 
vitreous samples of patients with PVR are 
capable of producing cytokines in vitro. 
Cultured RFE cells, upon activation, release 
IL-8, IL-6, and granulocyte-macrophage 



colony stimulating factor." " Activated mono- 
cytes secrete a heterogeneous mixture of prod- 
ucts thai together strongly induce expression of 
many cytokines in human RPE cells. 14 Most if 
not all of the inducing effect can be accounted 
for by IL-ip and TNFa. Glial cells can 
produce IL-1.' 4 Macrophages and T lym- 
phocytes can produce many different 
cytokines, including IL-1, IL-6, TNFu, and: 
IFNy." 1 In situ hybridisation technique com- 
bined with immunohisrochemical staining for 
the vitreous samples or epiretinal membranes 
from patients with PVR might resolve which 
cell produce which cytokine. 

The cells present in the vitreous at the 
time of sampling would determine the profile 
of the mRNA and cytokines detected. The 
number and type of cells present in the 
vitreous at different stages of the disease are 
likely to vary and consequently affect the types 
of cytokines expressed. 1 " This may in part 
explain why, in the present study, only a small 
number of samples revealed all the cytokines 
tested. 

A novel observation in this current study 
concerns the cytokine IL-J2. IL-1 2 mRNA 
was not detected in most of the samples inves- 
tigated, being present in only two from 21 
PVR, one from nine RD, and not in any MH 
samples. However, IL-1 2 protein was detected 
in considerable amounts in examined samples 
(Table 3). A likely source of this IL-12 may be 
the iris, ciliary body, and choroid which 
normally contain dendritic cells. J7 Activated 
dendritic cells are known to be a major source 
of IL-12. IL-12 is also produced by macro- 
phages and B lymphocytes, which are known to 
infiltrate PVR membranes. It is also possible 
that this cytokine is primarily produced in the 
PVR membranes from where it accesses the 
vitreous gel. As PVR membranes were not ana- 
lysed in this study, it not possible to comment 
on the correlation between IL-12 mRNA and 
the cytokine, in PVR membranes. IL-12 has 
multiple effects on T cells and natural killer 
(NK) cells. These include inducing production 
of IFNy and TNF either directly or in synergy 
with other inducers and acting as a co-mitogen 
to stimulate proliferation these cells. 38 J " 'I"he 
involvement of activated T and R lymphocytes 
is well documented in the pathogenesis of the 
disease. 10 41 

The synergistic and pleiotropic effects of 
cytokines may be of particular importance in 
PVR. For example, IL-lp and TNFa both 
present within vitreous and epiretinal mem- 
branes, promote the synthesis of IL-6, -12 and 
may also stimulate further IL-1 or TNFa 
production." Moreover, IL-6 may induce 
further production of IL-1 and TNFa. 41 IL-I 3 
is known to enhance the contraction collagen 
gel 44 and may have a role PVR membrane con- 
traction. In previous studies, TL-6 was de- 
tected at higher levels in PVR than in uncom- 
plicated RD, although the same was not true 
for IL-1.' 7 19 In contrast, Kon el al" found sig- 
nificantly elevated levels of IL-lp but not of 
IL-6 in patients with PVR compared with 
uncomplicated RD. We detected significantly 
elevated levels of both IL-6 mRNA and 
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protein in patients with PVR versus MH and 
RD. The same was true for IL-lfS protein. 
IL-1|J has been shown to enhance IL-6 mRNA 
and protein synthesis in human RPE cells, and 
at lower concentrations, this effect was en- 
hanced by TGFp 1 to induce IL^S mRNA but 
not II..-8 cytokine secretion. ' 5 A definitive role 
for IL^-8 in the pathogenesis of PVR is not 
clear. However, it has been postulated that 
TNFu and FL-lp, which were not directly 
chemotactic for leucocytes, exert their chemo- 
tactic effect through induction and release of 
secondary cytokines including 11^-8 and 
MCP-l. 20 

IFNy is known to upregulate MHC class II 
molecule expression on RPE cells, and en- 
hance presentation of foreign antigens to T 
cells." Experimental studies show that epireti- 
nal membrane formation can be accompanied 
by infiltration of blood borne lymphocytes and 
monocytes, which persist until the late stages 
of experimental PVR and are likely to be a 
source of IFNy. ,T 

In conclusion, our data indicate that levels 
of mRNA encoding IL-6, IL-8, IL-10, and 
IFNy is significantly increased in vitreous 
samples from patients with PVR, indicating 
local production of these cytokines by vitreous 
cells and the significant contribution of the 
invading cells in PVR pathogenesis. Cells 
invading the vitreous do not appear to locally 
produce IL-12, and apart from this cytokine 
there was a good correlation between mRNA 
and protein levels suggesting that mRNA 
measurements can provide useful information 
about cytokine synthesis within the invading 
cells. Monitoring of mRNA levels may aid in 
our understanding of this disease process and 
provide insights into progression, response to 
treatment, and development of strategies for 
alternative therapy. 
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MODULATION OF THE GLUTAMATERGIC RECEPTORS (AMPA AND 
NMD A) AND OF GLUTAMATE VESICULAR TRANSPORTER 2 IN THE 
RAT FACIAL NUCLEUS AFTER AXOTOMY 



L. ELEORE, I. VASSIAS, P.-P. VI DAL AND 
C. DE WAELE* 

. GWRS (CNRS-Paris V), ESA 7060, Centre Universitaire das Saints- 
Pores, 45 rue des Saints-Peres, 75270 Paris Cedex 06, France 



^Abstract — Facial nerve axotomy is a good modol for studying 
^neuronal plasticity and regeneration In the peripheral ner- 
IVous system. We investigated in the rat the effect of axotomy 
| on the different subunits of excitatory glutamatergic AMPA 
|pLuR1-4), NMDA (NR1. NR2A-D) receptors, post-synaptic 
idensity 95, vesicular glutamate transporter 2, p catenin and 
fcadherin. mRNA levels anoVor protein production were ana- 
-fyzed 1, 3, 8, 30 and 60 days after facial nerve axotomy by in 
Is/to hybridization and immunohistofluorescence. 

mRNAs coding for the GLuR2-4, NR1, NR2A, B, D subunits 
i of glutamatergic receptors and for post-synaptic density 95, 
||rere less abundant after axotomy. The decrease began as 
:fe$rty as 1 or 3 days after axotomy; the mRNAs levels were 
'lowest 8 days post-lesion, and returned to normal or near 
normal 60 days after the lesion. The NR2C subunit mRNAs 
were not detected in either lesioned or intact facial nuclei, 
tmmunohistochemistry using specific antibodies against 
:GLuR2-3 subunits and against NR1 confirmed this down- 
■regulation. Therp was also a large decrease in vesicular glu- 
i tamate transporter 2 immunostaining In the axotomized facial 
tbticlei at early stages following facial nerve section. In con- 
i^ftrast, no decrease of NR2A subunit and of post-synaptic 
ipljdehsity 95 could be detected at any time following the lesion, 
gf.'-p Catenin and cadherin immunoreactivity pattern changed 
around the cell body of facial motoneuron by day 3 after 
jkj',axotomy, and then, tends to recover at day post-lesion 60 
laydays. Therefore, our results suggest a high correlation be* 
jjtween restoration of nerve/muscle synaptic contact, synaptic 
|§|striicture and function in facial nuclei. 
']:■■'/: To investigate the mechanisms involved in the change of 
ii^xpressi 011 °f these proteins following axotomy, the facial 
nerve was perfused with tetrodotoxin for 8 days. The block- 
Sjade of action potential significantly decreased GLuR2-3, 
|NR1and NR2A mRNAs in the ipsilateral facial nuclei. Thus, 
|axdtomy-induced changes in mRNA abundance seemed to 
|<depend partly on disruption of activity. © 2005 Published by 
•;Eisevier Ltd on behalf of IBRO. 

|-Key words: excitatory amino acids, motor neuron section, 
? ; .?SD95, beta catenin, cadherin, tetrodotoxin 
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Regeneration of the facial nerve after axotomy is an ex- 
cellent model for studying adult peripheral nervous system 
plasticity (see for review Moran and Graeber, 2004). Fol- 
lowing injury, animals display a characteristic ipsilateral 
facial nerve palsy including loss of eyelid movements, 
absence of spontaneous movements of the vibrissae and 
drooping of the ipsilateral hemicorner of the mouth. These 
impairments progressively recover with time usually after 
30 days with the regeneration of the facial nerve. Regen- 
eration includes the formation of axonal sprouts, their out- 
growth as regenerative axons and reinnervation of facial 
muscle targets (Kreutzberg, 1996). 

Facial motoneurons receive numerous glutamatergic 
nerve terminals from premotor neurons from the trigemi- 
nal, the hypoglossal nuclei and from the reticular formation 
and carry numerous AMPA and NMDA receptors (Border 
and Mihailoff, 1991; Sato etal., 1993; Wenzel etal., 1995). 
Several studies have been previously done to study the 
modulation of excitatory synaptic transmission after axo- 
tomy (Garcia Del Cano et al., 2000; Alvarez et al., 2000; 
Anneser et al., 2000; Linda et al., 2000; Tang and Sim, 
1997). However, most of them focused either on one or 
two subunits of these receptors and were not conducted 
both at a transcriptional and translational level. 

By DNA sequence homology and pharmacological 
character, AMPA receptors have been demonstrated to be 
hetero-oligomers made up of four subunits of different 
combinations of GLuR1-GLuR4 (Wenthold et al., 1992). 
The major difference between the GLuR1-4 subunits is 
their ion channel properties: receptor complexes contain- 
ing the GLuR2 subunit are not permeable to calcium 
whereas those without the GLuR2 subunit do pass calcium 
(Mishina et al., 1991). A/-methyl-D-aspartate receptors 
(NMDAR) are heteromeric complexes composed of NR1 
and NR2 subunits. Eight variants of NR1 subunit (from 
NR1-1a to NR1-4b) and of four NR2 subunits isoforms 
(NR2A-D) have been described due alternative splicing. 
The NR1 is the ligand binding subunit and seems to be 
constitutive whereas the different NR2 subunits define the 
pharmacological properties. In addition, activated NMDAR 
exhibit voltage dependent inhibition by Mg 2+ and is highly 
calcium permeable: the NR1 subunit seems to be respon- 
sible for the Ca 2+ permeability and NMDAR blockage by 
intracellular Mg 2+ whereas the NR2A subunit would be 
responsible for Ca 2+ sensitivity and NMDAR blockage by 
extracellular Mg 2 * (see for review Yamakura and Shimoji, 
1999). NMDA induced Ca 2+ entry is know to be involved in 
learning, synaptic plasticity and neuronal cell death 
(Sakimura et al., 1995). Post-synaptic density (PSD95) is 
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the major component of PSD95, which interacts with the 
NR2 subunits and some splice variants of NR1 subunit 
(Kornau et al., 1995). It was supposed to be involved in 
NMDAR aggregation and signaling pathway (see for re- 
view Hata and Takai, 1999). Recently, a glutamate vesic- 
ular transporter named VGLUT2, considered as a specific 
marker of excitatory synapse, has been showed to be 
expressed in facial nuclei (Kaneko et al., 2002). 

Thus, we decided to use this model to investigate how 
excitatory neurotransmission at the pre- and post-synaptic 
level is modulated after facial axotomy. We used in situ 
hybridization and immunohistochemistry to study mod- 
ulation of a-amino-3-hydroxi-5-methylisoxazole-4-propi- 
onic acid receptor (AMPAR), NMDAR, PSD95 and of the 
vesicular glutamate transporter VGLUT2, in axotomized 
facial nucleus motoneurons at different times following the 
lesion. Furthermore, we examined expression of two ad- 
hesion proteins that mediate cell-cell adhesion, the beta 
catenin and the cadherin, because of they were supposed 
to be implicated in synaptic plasticity and function in adult 
CNS (Huntley, 2002). A previous study (Eleore et al., 2005; 
Vassias et al., 2005) showed a strong down-regulation of 
the different subunits of the glycinergic and GABAergic 
receptors following axotomy. However, we failed to detect 
any changes at the pre-synaptic level by using VIAAT (a 
vesicular inhibitory amino acid transporter involved in the 
accumulation and release-of glycine into synaptic vesicles) 
antibody (Eleore et al., 2005). 

Our aim was four-fold: 1. To detect the potential 
changes of excitatory synaptic transmission at pre- and 
post-synaptic level, in axotomized facial motoneurons; 2. 
to try to determine a correlation between synaptic stripping 
and receptor expression modulation; 3: To better deter- 
mine the effect of electrical activity blockade of the facial 
nerve in this regulation. 4. To compare the effects of axo- 
tomy on lesioned motoneurons between the excitatory and 
inhibitory synaptic transmission. 

EXPERIMENTAL PROCEDURES 

Surgical procedures 

Animals. Adult male pigmented Long Evans rats (CERJ, Le 
Genest Saint Isle, France) weighing approximately 260 g were 
used. They were divided into three groups; animals undergoing 



unilateral facial nerve section; those receiving tetrodotoxin (TTX) 
nerve perfusions, and controls. All studies were carried out in 
accordance with the European Community Council directive of 
November 24th, 1 986, and following the procedures issued by the 
French Ministry of Agriculture. All efforts were made to minimize 
animal suffering and to reduce the number of animals used. 

Section of the facial nerve. Under halothane anesthesia, 
the animals (n=25 for in situ hybridization and n=30 for immuno- 
histochemical study) were subjected to a unilateral section of the 
left facial nerve near its exit from the stylomastoid foramen. After 
surgery, the wound was closed with sutures and animals were 
allowed to recover for 1 , 3, 8, 30 or 60 days. Control animals (n-- 5 
for in situ hybridization and 11=6 for immunohistochemical study) 
consisted of non-operated rats or sham-operated animals. Follow- 
ing surgery, the animals displayed unilateral facial palsy with 
return of some of eyelid and whiskerpad movements after 60 
days. 

Facial nerve TTX application. TTX (Latoxan, Valence, 
France) diluted at 250 v-gl^t in phosphate buffered saline (0.1 M, 
pH 7.4, 9 g/l NaCI; PBS) was applied for 8 days to the facial nerve 
of three rats using a Silastic silicone rubber tubing cuff assembly 
positioned around the facial nerve and implanted sx. in the neck 
(Sebum and Cope, 1997; see also Eleore et al., 2005). Within 24 h 
of TTX application, animals displayed facial palsy on the injected 
side, which persisted. Control animals (n=4) received a daily 
infusion of PBS and were not paralyzed. Within 24 h treated 
animals displayed facial palsy on the injected side, and there was 
no recovery for the eight days following perfusion. Facial palsy 
was verified daily. The animals were killed by decapitation 8 days 
post-lesion and processed for in situ hybridization. 

In situ hybridization study 

Tissue preparation and hybridization procedures were as de- 
scribed previously (de Waele et al., 1994). We used antisense 
nucleotide oligoprobes (see Table 1) to detect the mRNAs for 
AMPA receptor subunits (Sato et al., 1993), NMDA receptor sub- 
units (Wenzel et al„ 1995) and the PSD95 protein (Fukaya et al., 
1999). 

After in situ hybridization, sections were placed against Biomax 
MR X-ray film (Kodak, Integra Bioscience, Cergy Pontoise, France) 
for 15 days for NMDA (NR2A-D) receptor subunit and PSD95 mR- 
NAs, 10 days for AMPA (GLuR1-4) receptor subunit mRNAs, and 5 
days for NR1 mRNAs. Then, the sections were exposed to NTB2 
photographic emulsion at 4 °C for four weeks. Finally, they were 
counterstained with Toluidine Blue and coverslippBd in Eukitt me- 
dium. Slides were scored visually with an Eclipse Nikon microscope 
under dark- and bright-field illumination. The spectficity of oligonucle- 
otide probes was checked by hybridizing sections with the corre- 



Tabla 1. 5' -3' Sequences of AMPAR (GLuR1-4) and NMDA (NR1, NR2A-D) receptor subunit oligonucleotide probes 



Name 



Sequence 5'-3' 



GLuR1 

GLuR2 

GLUR3 

GLuR4 

NR1 

NRIpan 

NR2A 

NR2B 

NR2C 

NR2D 

PSD95 



5'-GTC ACT GGT TGT CTG GTC TCG TCC CTC TTC AAA CTC TTC GCT GTG-3' 
.5'-TTC ACT ACT TTG TGT TTC TCT TCC ATC TTC AAA TTC CTC AGT GTG-3' 
5'-AGG GCT TTG TGG GTC ACG AGG TTC TTC ATT GTT GTC TTC CAA GTG-3' 
5'-CTG GTC ACT GGG TCC TTC CTT CCC ATC CTC AGG TTC TTC TGT GTG-3' 

5'-CAT CCT GTG AGG GTT CCA GGT GAC TGA ATT GGC CCT TTC TAT GCC GCT GAG TTT GTG GCG-3' 

5'-TTC CTC CTC CTC CTC ACT GTT CAC CTT GAA TCG GCC AAA GGG ACT-3' 

5'-AGA AGG CCC GTG GGA GCT TTC CCT TTG GCT AAG TTT C-3' 

5'-GGG CCT CCT GGC TCT CTG CCA TCG GCT AGG CAC CTG TTG TAA CCC-3' 

5'-TGG TCC ACC AGG TTT CTT GCC CTT GGT GAG GTT CTG GTT GTA GCT-3' 

5--CTG TGG CTC GA TGG GG CCG TAG TAT CG GTG GAA GCC GTC GGC TAT-3' 

5'-AGG GGG CGT GTC TTC ATC TTG GTA GCG GTA TTT CTT GGT TGT CAC-3' 
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sponding AMPA (GLuR1-<l) and NMDA (NR1. NR2A-D) sense oli- 
gonucleotide probes in (he same conditions. 

Film au'toradiographs (corresponding to eight or 10 sections 
per animal) were scanned with a CDD video camera and the 
hybridization signals quantified. The images were digitized with a 
computerized image analysis system (Visiolab 2000, Biocom. 
France). Relative optical density (rOD) in rat facial nuclei was 
measured using the Biocom densitometry analysis program (Vi- 
.: siolab 2000) and was divided by the rOD of the white matter of the 
; same section to obtain a rOD ratio. rOD was measured on an 
; average of 10 sections for each animal and the mean rOD-*-SD 
.. (standard deviation) was calculated for each animal. The results 
for the NR2C oligonucleotide probe in the facial nuclei were not 
quantified because no signal was detected. 

: immunohistochemical study 

AMPAR. Tissue preparation and immunohistochemical 
procedures were as described previously for detection of 
6LuR2-3 subunits (Fritschy et al., 1998). Antibodies from Chemi- 

•'. con {by Euromedex, Souffelweiersham, France) diluted 1/50 were 

';• used. 

NMDAR. For NMDAR immunohistochemical analysis, rats 
were killed by perfusion with 4% paraformaldehyde (PFA) supple- 
.'" mented with 15% picric acid in. 0.1 M phosphate buffer, pH 7.4. 
• The brain was removed, post-fixed in same solution for one hour 
at room temperature, and then stored in 30% sucrose in phos- 
phate buffer for cryoprotection. Coronal sections 25 u.m thick were 
cut with a cryostat and conserved, briefly, in Tris buffer saline 
(TBS) until use. After several washes in TBS,' sections were 
free-floated in 5% normal goat serum and then primary antibody 
was applied overnight at 4 'C. Antibodies for NR1 (Chemicon, ref. 
AB 1516; 1/100) and NR2A (Upstate by Euromedex, ref 06313; 
1/1000) diluted in TBS supplemented with 0.3% Triton X-100 
.(TBST) were used for recognizing the NMDA receptor subunit. 
After rinsing in TBS, bound antibodies were labeled by incubation 
for 1 h at roon{- temperature with Alexa 488-conjugated goat 
anti-rabbit (Molecular Probes by Interchim, Montlucon, France) 
diluted 1/400 in TBST supplemented with 5% normal goat serum. 
Finally, the sections were washed and coverslipped with Vectash- 
ield (Vector Laboratories by Biovalley, Conches, France). 

PSD95, VGLUT2. 0 cstenin and pan cadherin. Coronal 
slices 14 u.m thick were post-fixed either in PFA 2% in PBS for 
90 s for immunodetection of VGLUT2 and B catenin, and 5 min for 
immunodetection of pan cadherin, or in PFA 4% in PBS for 5 min 
for immunodetection of PSD95. After thorough rinsing, sections 
'were directly dipped into PBS containing 0.5% Triton X-100. 20% 
bovine serum albumin and the primary antibody, either anti- 
VGLUT2 (Chemicon) diluted 1/2500, anti PSD95 (Alexis Bio- 
qhemicals by Coger, France) diluted 1/100, anti (3 catenin (ref. 
■610154; Transduction Laboratories) diluted 1/200, anti pan cad- 
herin (ref. C1821; Sigma Aldrich) 1/200. Incubation with the pri- 
mary antibody was continued in a wet chamber at 4 "C overnight. 
Sections were then rinsed in PBS, and bound antibodies were 
labeled by incubation for 1 h at room temperature with cyanine-3 
(Cy3)-conjugated goat anti-guinea-pig, anti-rabbit or anti-mouse 
antibodies (Jackson Laboratories by Interchim, Montlucon, 
France) diluted 1/400 in PBS supplemented with 2% normal goat 
'senjm. Finally, the sections were washed and coverslipped with 
Vectashield. The reaction was stopped by three rinses in PBS. 
: The stained sections were mounted in Vectashield medium (Vec- 
tor Laboratories) and stored at -20 °C. Controls consisted of 
sections that had not been incubated in the primary antiserum. 

Data analysis. Data from normal rats and from unilaterally 
facial-sectioned rats 1, 3, 8, 30 and 60 days post-lesion were 
used. The stained sections were analyzed for changes in the 
density of immunoreactive facial nuclei as assessed under a 



microscope (Eclipse E800, Nikon). For each animal, an aver- 
age of 10 sections was analyzed. Sections were mapped on 
video images (Coolsnap camera) and digitized with a comput- 
erized image analysis system (Metaview, Rupper Scientific, 
France). For each section, the boundary of the facial nucleus 
was determined at low magnification from the adjacent Cresyl 
Violet-counterstained sections. The intensity of the Cy3 signal 
was automatically quantified using the same conditions of ex- 
posure time and illumination. Arithmetic fluorescence (AF) was 
measured in whole images of facial nuclei on a linear scale from 
0 to 255 relative intensity units per pixel. For PSD95, B catenin 
and pan cadherin, the intensity of the signal was determined in 
individual sections for five rectangular areas of about 19,322 
(Lm 7 . For GLuR2/3, NR1 arid NR2A receptor subunits, the 
intensity of the signal was measured in each cell whose soma 
was clearly defined and was in a rectangular field of the same 
dimensions. The mean AF±SD was then calculated from the 
measurements of six sections for each animal. 

Finally, the relative arithmetic fluorescence ratio (rAF) was 
calculated by dividing the AF obtained for the axotomized facial 
nucleus by that for the intact one of the same section. The rAF in 
the medial vestibular nuclei was also determined as the AF for the 
ipsilateral medial vestibular nucleus (MVN) divided by the AF for 
the contralateral MVN of the same section. As the NVM were not 
directly affected by the lesion, these nuclei serve as internal 
controls for immunohistochemistry and data validity. 

Statistical analysis. The mean values from the in situ hy- 
bridization and immunochemistry studies were tested for statisti- 
cal significance using non-parametric tests (Statistica, Statsoft 
Inc.). The Kruskal-Wallis one-way analysis of variance for inde- 
pendent variables was used to . search for differences between 
labeling in control animals and that on each side of operated rats. 
The Wilcoxon matched pairs test was used to test for differences 
between the deafferented and the intact side in each experimental 
group. The Mann-Whitney test was used to test the statistical 
significance of the differences between the mean values for ves- 
tibular and facial nuclei in each group. A value of P<0.05 was 
considered to be statistically significant. 

RESULTS 

Labeling of AMPAR (GLuR1-4) subunit mRNAs in rat 
facial nuclei 

GLuR.1. In situ hybridization failed to show any dif- 
ferences in the intensity of GLuR1 mRNA labeling between 
the axotomized and intact facial nuclei (Fig. 1 for day 
post-lesion 8). There was no significant difference in the 
mean rOD between the axotomized and intact facial nuclei 
of lesioned animals and those of the controls at any times 
following surgery. No differences could be detected at the 
cellular level on em'ulsioned slides (data not shown). 

GLuR2-GLuR3. Axotomy resulted in pronounced 
down-regulation of GLuR2 and GLuR3 mRNAs in facial 
nuclei on the lesioned side (Fig. 1). The abundance of 
these mRNAs started to decline as early as the first day 
post-lesion (P<0.01), reached a minimum 8 days post- 
lesion (the mean rOD was decreased by about 45% for 
GLuR2 and 64% for GLuR3; P<0.01 ), and remained at low 
level for at least 30 days post-lesion (P^0.01). A return to 
normal values was observed on day 60 post-lesion (Fig. 
2A). The signals for GLuR2 and GLuR3 mRNAs in the 
contralateral facial nuclei were indistinguishable from con- 
trols at all post-operative times studied (1-60 days). 
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Fig. 1. Auloradiographs of in situ hybridization data obtained in axotomized animals with oligonucleotide probes for GLuRI-4, NRIpan, NR1, NR2A 
and PSD95 mRNAs. The ^S-labeled antisense probes for GLuR1-4, NRIpan, NR1, NR2A and PSD95 mRNAs were hybridized with brainstem 
sections containing the facial nuclei from rats with unilateral facial axotomy 8 days following the lesion. The black arrows indicate the lesioned side. 
Note the decrease of mRNAs coding for GluR2, GLuR3 and GLuR4 subunits of AMPAR receptors, NR1 , NR2A subunits of NMDA receptors and the 
NMDAR. anchoring protein, PSD95. in the deafferenterj facial nuclei, Notice that GLuRl labeling was similar in intact and axotomized facial nuclei 
(black arrow) at this stage. 

days post-lesion three <P=;0.01), eight (P<0.01), 30 
(P<0.05) and 60 (Ps0.05). 

In summary, GLuR2-3 mRNAs were substantially re- 
duced after facial nerve lesion, GLuR4 mRNAs were 
down-regulated less strongly and GLuRl mRNAs were 
unaffected. All these findings were confirmed at the 
cellular level (Fig. 3). 

We used immunohistochemistry to determine 
whether the changes in mRNA abundance were associ- 
ated with similar effects on AMPA receptor subunit pro- 



GLuR4. GLuR4 mRNA was also affected by the le- 
sion but the decrease began later — 3 days after axotomy. 
The abundance was lowest after 8 days {decrease of 
about 33%) and then progressively returned to normal 
values by day 60 (Figs. 1 and 2A). Facial nuclei of control 
rat and contralateral facial nuclei of operated rat were 
indistinguishable at all stages following the lesion. This 
decrease on the ipsilateral side was significant compared 
with values for the intact facial nucleus of lesioned animals 
and to that for the facial nucleus of control rats (Fig. 2A), on 
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i?Fig. 2. Graphs of />? s/ru hybridizafion data obtained in lesioned rats with the oligonucleotides probes for AMPAR, NMDAR subunits and PSD95 
;:rnRNAs. (A) Graphs showing the mean rOD ratio measured from autoradiographs with the GLuR2-4 oligonucleotide probes in the facial nuclei of 

■ control rats and of axotomized rats 1 day, 3 days, 8 days, 30 days and 60 days following surgery. <B) Graphs showing the mean rOD ratio measured 
;,from autoradiographs with the NRIpan, NR1, NR2A, B and D oligonucleotide probes in the facial nuclei of control rats and of axotomized rats 1 day, 

■ 3 days. 8 days, 30 days and 60'days following surgery. The error bars represent the standard deviation. Contra, facial nucleus contralateral to the 
itesion; Ipsi: facial nucleus ipsilateral to the lesion. * Significant difference between sides ipsilateral and contralateral to the lesion. 



-duction. Due to the absence of changes for GLuR1 
\ mRNA and the small decrease for GLuR4 mRNA in 
axotomized facial nuclei, only GLuR2-3 proteins were 
* analyzed. 

|;<aLuR2/3 subunit immunolabeling in rat facial nuclei 

f Jn the facial nuclei, the neuropil showed a relatively low 
Ifevel of GLuR2/3 immunoreactivity whereas neuronal cell 
^bodies of the facial motoneurons gave an intense signal. 
|No positive labeling was detected in sections where the 
^Primary antibody was omitted. Facial nerve axotomy-in- 
|duced down-regulation of GLuR2/3 protein production in 
|the facial nuclei ipsilateral to the lesion (Fig. 4 illustrates 
Mhe asymmetrical facial nuclei labeling on 8 day post- 
lesion). The decrease was greatest in cells bodies. There 
pas also a difference in AF ratio between the intact and 



axotomized facial nuclei (Fig. 5). GLuR2/3 expression be- 
gan to decline at 3 days post-lesion (P--0.01), was lowest 
8 days post-lesion (corresponding to a decrease of 69%; 
Ps0.01) and returned to normal values after 60 days. 

Labeling of NMDAR (NR1, NR2A-D) subunits and 
PSD 95 mRNAs in rat facial nuclei 

NR1. We used two probes for NR1: the first named 
NR1 is specific for the exon 5 of NR1, and the second, 
NRIpan, recognizes all NR1 variants. The intensity of 
labeling with NR1 in the axotomized and intact facial nuclei 
was asymmetrical (Fig. 1, black arrow) at 8 days post- 
lesion. The mRNA signal started to decrease 1 day post- 
lesion (P^O.001) and reached its lowest value— 50% 
(P:=;0.001) — on day 8. It then increased progressively to 
30 days post-lesion and remained lower than normal 60 
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Fig. 3. Photomicrographs of in situ hybridization in the facial nucleus with the GLuR2, GLuR3, GLuR4, NR1 and NR2A oligonucleotide probes. 
Dark-field photomicrographs showing labeling of the mRNAs for the GLuR2, GLuR3, GLuR4 subunits of AMPAR, NR1 and NR2A subunits of NMDAR 
in the ipsilateral and contralateral facial nucleus 8 days post-lesion. Note the lower density of silver grains over ipsilateral axotomized facial nuclei than 
over the contralateral intact facial nuclei (white arrows). Scale bar-20 jim. 



days post-lesion (PssO.01) (Fig. 2). Changes in the NR1 
signal observed on autoradiographs were confirmed at the 
cellular level (Fig. 3). Labeling with the NRIpan oligo- 
probe, which recognized all NR1 variants, decreased less 
(about 15%, P^O.001) than that with NR1 8 days after 
facial nerve axotorny (Figs. 1 and 2B). 

NR2A. Unilateral section of the facial nerve also af- 
fects NR2A subunit gene expression in the ipsilateral facial 
nuclei. There was less NR2A mRNA labeling in the axoto- 
mized facial nuclei than on the intact side on day post- 
lesion 8 (Fig. 1). The labeling began to decrease 1 day 
post-lesion, was lowest on day 8 corresponding to a de- 
crease of 49% (P<0.01), and then progressively re-in- 
creased (Fig. 2B).. Labeling in contralateral facial nuclei 
was indistinguishable from that in facial nuclei of control 
rat, at all stages following the lesion. 



NR2B-D. In situ hybridization demonstrated a mod- 
erate reduction of NR2B and NR2D mRNAs in the axo- 
tomized facial nuclei. The amount of mRNA started to 
decrease by day post-lesion 1 and reached its lowest 
value on day 8, when the decrease amounted to 27% 
for NR2B (P<0.001) and to 26% for NR2D. It increased 
by day 30 and returned to normal levels by day 60 (Fig- 
2B). mRNAs coding for the NR2C subunit were not 
detected at any time following the lesion or in intact 
animals. 

PSD 95. PSD95 mRNA abundance was also altered 
by facial axotorny (Fig. 1). Within one day of facial nerve 
section, a decrease in PSD95 mRNA labeling was ob- 
served in facial nuclei ipsilateral to the lesion, the signal 
was lowest at 8 days post-lesion (decrease of about 55%. 
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Fig. 4. GLuR2/3. VGLUT2. NR1, NR2A and PSD95 fluorescence photomicrographs of coronal sections through the facial nuclei of control and 
unilaterally axolomized adult rat on day post-lesion 8. Note the clear asymmetry of signal intensity between the intact and deafferented facial nuclei 
for GLuR2/3 subunils and VGLUT2, and the similarity of the signal intensity in the axotomized and intact nuclei for NR2A and PSD95. Scale 
: bar =20 (j.m. 



f°<0.001) and was still lower than baseline 30 days post- 
lesion. A return to normal values was observed at day 
post-lesion 60 (Fig. 2B). 

All autoradiograph observations were confirmed at the 
cellular level. Thus, silver grain density was substantially 
; lower in the axotomized facial nucleus than in the con- 



tralateral facial nucleus for NR1, NR2A, NR2B and D, and 
PSD95 (Fig. 3). 

In summary, mRNAs for NR1 and NR2A, B and D 
subunits were lost from motoneurons following axotomy. 
No expression of NR2C could be detected. As NR1 and 
NR2A subunit mRNAs were the most abundant in the 
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Fig. 5. Changes in AMPAR subunit. NMDAR subunit, VGLUT2 and PS095 immunoreactivity in facial nuclei of axotomized rats. Graphs showing the 
arithmetic mean rAF (ipsi/contra) in the facial nuclei for the GLUR2/3, VGLUT2, NR1, NR2A and PSD95 antibodies In rats with unilateral facial axotomy 
1 , 3, fl, 30 and 60 days following the lesion. The error bars represent the standard deviation. ' Significant difference between sides Ipsllatoral end 
contralateral to the lesion. 



facial nuclei, we also studied the corresponding proteins 
after axotomy in parallel with the PSD95 protein by 
means of immunohistochemistry. We also studied the 
VGLUT2 protein, implicated in glutamate accumulation 
in presynaptic vesicle. 

Immunolabeling of NRi and NR2A subunits and 
PSD95 in rat facial nuclei 

NMDAR subunits. In facial neurons, strong NR1 
and NR2A signals were visible in neuronal somata and 
proximal dendrites and some staining was also present 
in the neuropil (Fig. 4). Facial nerve axotomy resulted in 
a decrease of NR1 subunit immunostaining in the facial 
nuclei ipsilateral to the lesion. The decrease was greater 
in the neuropil than in cell bodies (Fig. 4). The decrease 
in AF, although small, was significant (P<0.001 : Fig. 5) 
3 and 8 days post-lesion (16%). In contrast, NR2A im- 
munoreactivity appeared to be unaffected by axotomy at 
all time points and the pattern of NR2A immunolabeling 
in the ipsilateral side was similar to that of the contralat- 
eral side (Fig. 4). AF quantification confirmed these 
results (Fig. 5). 

PSD95. A strong PSD95 labeling was observed in 
the neuropil of the facial nuclei. PSD95 immunostaining 
on the ipsilateral side was similar to that in the intact 
facial nuclei of axotomized rats and those of control rats 
at all times following the lesion (Fig. 4). Fluorescence 
intensity quantification confirmed that axotomy did not 
significantly affect AF: there was no difference (P>O 05) 
for PSD95 between the two facial nuclei (Fig. 5). 

VGLUT2 immunolabeling in facial nuclei of normal 
and lesioned rats 

VGLUT2 labeling was confined to the neuropil in the 
facial nuclei where it appeared as punctuated staining, 
believed to correspond to axonal varicosities. Following 



facial nerve section, there was a large decrease in 
VGLUT2 staining of the axotomized facial nuclei (Fig. 4). 
VGLUT2 immunoreactivity in injured nuclei was lower 3 
and 8 days post-lesion (corresponding to a decrease of 
about 35%; P<0.001), started to recover at 30 days 
post-lesion and returned to the control level by 60 days 
post-lesion (Fig. 5). 

p Catenin and pan cadherin immunolabeling in facial 
nuclei of normal and lesioned rats 

In normal facial nuclei, |3 catenin and pan cadherin 
immunolabeling showed a homogeneous and strong fi- 
brous pattern confined to the neuropil and a staining 
closely related to the periphery of neuronal cell body. 
Between one and three days after axotomy, change in 
distribution of p catenin and pan cadherin immunostain- 
ing pattern became obvious: immunostaining remained 
conspicuous in neuropil, but it was markedly decreased 
at the periphery of cell soma. The loss of the strings 
labeling surrounding the facial motoneuron somata was 
most pronounced on day 8 (Fig. 6). Staining with both 
antibodies began to reappear at 30 days post-opera- 
tively, but concerned a small number of neuron. At day 
post-lesion 60, the labeling pattern was almost identical 
to/with uninjured side. Absence of changes in p catenin 
and pan cadherin expression level observed on slices 
was confirmed by quantification of immunofluorescence 
intensity (Fig. 6). 

TTX-treated rats 

TTX caused facial palsy similar to that observed after 
facial nerve axotomy. It reduced GLuR2, GLuR3, NR1. 
and NR2A transcripts in the facial nuclei ipsilateral t° 
the perfused side (Table 2). In PBS-treated animals, 
labeling for AMPAR and NMDAR subunits mRNAs was 
indistinguishable from those of control animals. We did 
not test either NMDAR subunits or PSD95 after TTX 
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fig. 6. Changes in p catenin and caclherin immunoreactivity in facial nuclei of axolomized rats. In the top panels, f, catenin and cadherin 
immunofluorescence photomicrographs of coronal sections through the facial nuclei of control and unilaterally axolomized adult rat on day post-lesion 
8 Note the thin rim of immunoreactivity which surrounds neuronal perikarya in contralateral facial nuclei and the loss of this staining on the ipsilateral 
. side. Scale bar -20 ( .m Below, graph showing the arithmetic mean rAF (ipsi/con;ra) in the facial nuclei for fj catenin and cadherin antibodies in rats 
with unilateral facial axotomy 8 days following the lesion. The error bars represenl the standard deviation. Note the similarity of the signal intensity in 
the axotomized and intact facial nuclei. 



; because the expression level of these proteins was not 
or little affected by sectioning of the facial nerve. There 
was a significantly lower optical density decrease in 
TTX-trealed than axotomized facial nerves (36% com- 
pared with 69% respectively after facial axotomy). 



: Table 2. Mean optical density ratio ipsi/contra decrease in facial nuclei 
after axotomy or TTX injection for mRNAs coding for GLuR2, GLuR3, 
NR1 and NR2A subunits 





GLuR2 


GLuR3 


NR1 


NR2A 


SF 


45% 


64% 


50% 


49% 


TTX 


28% O 


27% ("**) 


37% (•) 


31% <*) 



O p<0.05: (•••) P--..0.001. 



DISCUSSION 

AMPAR and NMDAR expression in the facial nuclei 
of axotomized rats 

Facial axotomy reduces excitatory neurotransmission me- 
diated through AMPA receptors in lesioned motoneurons. 
In particular, the glutamate receptor subunits GLuR2 and 
GLuR3 are strongly decreased. Our findings are in accor- 
dance with previous data in axotomized sciatic (Kennis 
and Holstege, 1997; Alvarez et al., 2000) and hypoglossal 
motoneurons (Tang and Sim. 1997; Alvarez et al., 1997; 
Garcia Del Cano et al., 2000). This decrease may induce 
an increase in intracellular calcium concentration, which 
may be excitotoxic for facial motoneurons. Indeed, Ca z< 
permeability of AMPAR has been shown to vary with the 
relative abundance of GLuR2 mRNAs (Jonas et al., 1994). 
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As most of these neurons did not die, at feast three types 
of mechanism may be suggested as protecting the facial 
motoneurons from excitotoxic effects: 1 . The decrease of 
VGLUT2 following axotomy; 2. an up-regulation of the 
glutamate transporter (GLT-1) in activated microglia of 
axotomized facial nuclei (Lopez-Redondo et al., 2000) 3. 
The influence of Iba-I, a calcium binding protein, which was 
increased in microglial cells (Ito et al., 1998) and which 
could decrease the intracellular Ca 2 ' motoneuron concen- 
tration. 

For the NMDA receptors, the data described in the 
literature were more heterogeneous: mRNAs encoding the 
NR1 subunits were reported to be unaffected by axotomy 
in rat ipsilateral facial, spinal (Sanner et al., 1994a,b) and 
hypoglossal motoneurons (Garcia Del Cano et al., 2000). 
Only one electrophysiological study found that NMDAR of 
the dorsal motor vagus motoneurons became less sensi- 
tive in vitro to extracellular Mg 2 after axonal crush injuries 
(Furukawa et al., 2000). Finally, Western blotting showed 
that NR2A subunit expression was decreased in axoto- 
mized vagal motoneurons whereas expression of NR1, 
NR2B, NR2C and NR2D subunits did not change signifi- 
cantly (Nabekura et al., 2002). Unlike these previous 
works, we found a large transcriptional decrease of all the 
NR1 and NR2A subunits although these changes were not 
always associated with any large reduction of the respec- 
tive proteins, especially NR2A. The discrepancy between 
our study and previous in situ hybridization studies may 
result from the probe used. Indeed, in accordance with 
Sanner et al. (1994a), no NR1 mRNA change could be 
detected with a probe that recognized all NR1 variants 
(NRIpan). We only observed a significant decrease of 
mRNAs coding for the NR1 subunit by using a probe 
specific for the exon 5 of NR1 mRNA. Exon 5 splicing 
results in the absence of NR1-1a variants (Zukin and Ben- 
nett, 1995). These NR1 variants were also, shown to be 
decreased in the rat superior olivary complex after unilat- 
eral cochlear ablation (Nakagawa et al., 2000). Treatment 
with NR1- antisense oligonucleotide probes decreased 
NR1 mRNA synthesis and prevented neurotoxicity induced 
by NMDA in vivo and in vitro in ischemic rats (Sun and 
Faden, 1995; Wahlestedt et al., 1993). In addition, treat- 
ment of the facial nerve with MK-801, a specific non- 
competitive antagonist of NMDAR, enhanced NR1 mRNA 
transcription and cell death (Sanner et al., 1994a). These 
data suggest that the differential regulation of NR1 variants 
may have a neuroprotective effect on axotomized facial 
motoneurones. 

Finally, NR2A seemed to be regulated at a transcrip- 
tional but not at a translational level. This discrepancy with 
. data published by Nakebura et al. (2002) is unlikely to be 
due to differences in the commercialized antibodies used 
as they all recognize the C-terminal portion of NR2A sub- 
unit. It could result from the different methods used (West- 
ern blotting versus immunohistochemical methods) or from 
differences between the models used (facial axotomy ver- 
sus vagal axotomy). 



VGLUT2 in intact and facially axotomized rats 

We showed for the first time, a strong decrease of 
VGLUT2-immunoreactivity in facial motoneurons, which 
occurred as early as day post-lesion three and which tends 
to return to the control level by 60 days post-lesion. These 
data are in agreement with previous morphological find- 
ings. Unilateral enucleation results in a decrease in the 
VGLUT2-immunoreactivity in the dorsal lateral geniculate 
nucleus and in the superior colliculus within, four days, 
whereas VGLUT1 expression is unaffected (Fujiyama et 
al., 2003). VGLUT1 immunostaining was decreased in 
fibers in the ipsilateral ventral horn one week after dorsal 
root rhizotomy (Oliveira et al., 2003). Finally, transection of 
the sciatic nerve produced a reduction of VGLUT1 immu- 
noreactivity in the spinal cord (Hughes et al., 2004). We 
previously failed to detect any modulation of a vesicular 
transporter named VIAAT, involved in inhibitory amino acid 
(GABA and glycine) accumulation into synaptic vesicle 
(Eleore et al., 2005). This allows us to suggest that exci- 
tatory and inhibitory inputs of facial nuclei are differentially 
modulated after the lesion, with a preference for maintain- 
ing an inhibitory influence. A preferential loss of glutama- 
tergic synaptic terminals compared with inhibitory ones 
was previously reported after intramedullary axotomy 
(Linda et al., 2000). Loss of VGLUT2 immunoreactiviiy 
may partly result from the glial synaptic stripping, which 
occurred on the lesioned facial motoneurons (Neiss et al., 
1992). Similar temporal time courses were found between 
VGLUT2, a selective marker of glutamatergic afferents and 
synaptic markers such as synapsin (Eleore et al., 2005) 
pan-cadherins and betacatenine. 

PSD95 in intact and facially axotomized rats 

Che et al. (2000) showed that in rats PSD95 mRNAs were 
down-regulated within 1 day of facial nerve axotomy and 
returned to normal levels when target reconnection was 
reestablished, i.e. at 35 days post-lesion. The authors 
suggested that PSD95 may be involved in synaptogenesis 
and recovery of synaptic function after lesion. However, we 
found no evidence of a change in the amount of PSD95 
protein at any time following the facial nerve injury. A 
transient global ischemia in the rat hippocampus induced 
changes in the composition of post-synaptic densities, in- 
ducing an alteration of PSD95 and NR2A interaction with- 
out changing their abundance (Takagi et al., 2000; Hou et 
al., 2002). A similar event may occur after facial nerve axo- 
tomy. The central role of PSD95 in NMDAR signaling path- 
ways and not in receptor distribution regulation has been 
extensively documented (Kennedy, 2000; Sattler et al., 1999; 
Tezuka et al., 1999; Migaud et a!., 1998) and PSD95 prefer- 
entially binds to the NR2A subunit in the NMDA receptor. 
Thus, a complex containing NR2A, PSD95 and other PSD 
proteins at the synapse may be involved in the synaptic 
(NMDAR-mediated synaptic plasticity) response to axotomy 
and promotion of neuronal survival. 
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P catenin and pan cadherin in intact and facially 
axotomized rats 

Axotomy of facial nerve motor neuron led to a variety of 
cellular and molecular response of both glial and neuronal 
cells. Numerous studies have shown that microgial cells 
proliferate around injured neuronal perikarya (Aldskogius 
and Kozlova, 1998) and are supposed to be responsible 
for the synaptic stripping events (Neiss et al., 1992; Ulen- 
kate et al., 1993). Astrocytes cells became hypertophic, 
increased the glial fibrillary acidic protein expression and 
then surrounded injured neuron (Graeber, 1994). How- 
ever, the regulation and the role of protein physically as- 
sociated with the synapse during this event are not known 
in detail. In this study, we have chosen (i catenin and 
cadherin protein, as reliable markers to observe synaptic 
stripping phenomenon These proteins are known to bor- 
der the transmitter release zones containing synaptic ves- 

• icles, which were associated with protein like synaptophy- 
sin and synapsin (Uchida et al.. 1996). 

Facial axotomy produced a fragmentation of the con- 
tinuous rim of (3 catenin and pan cadherin immunoreactiv- 
ity around neuronal cell body, evident at 3 days post- 
lesion. These change in facial motor neuron immunolabel- 
. ing for both adhesion protein, coincided with massive 
detachment of the presynaptic bouton from cell body of 
■facial motor neurons. Recovery began to occur at day 
post-lesion 30 and was almost complete at day post-lesion 
at 60, i.e. when facial nerve and peripheral muscles were 
reconnected (Che et al.. 2000). Guntinas-Lichius et al. 
(1994) and our previous study (Eleore et al., 2005) showed 
a similar synaptophysin and synapsin immunolabeling ex- 
pression patter>~i change with similar temporal time course 
: in axotomized facial nuclei, fn contrast, synaptophysin and 
synapsin labeling modulations seemed to occur later (at 14 
days post-lesion) in rat spinal cord after sciatic nerve axo- 
tomy. This may be due to the site (proximal versus distal) 
between the site of nerve section and neuronal cell body, 
■ in both the facial and sciatic axotomy model. Although the 
mechanism by which (5 catenin and cadherin are modu- 
lated after facial axotomy was unknown, their expression 
appears to be correlated with changes in synaptic efficacy, 
remodeling, and with NMDAR activity: 3 catenin redistri- 
bution induced by depolarization could be completely 

• blocked by NMDAR antagonists (Murase et al., 2002). 

Comparison of excitatory and inhibitory synaptic 
transmission after facial axotomy 

At least four conclusions could be drawn from our present 
study and from the two previous ones we performed in the 
axotomy facial model on the modulation of inhibitory amino 
acid receptors (glycinergic and GABAergic receptors; 
Eleore et al., 2005; Vassias et al., 2005) following facial 
axotomy (Table 3): 

1. The axotomy- induced down-regulation in receptor 
expression seems to be more severe for inhibitory ones 
. (glycinergic and GABA) in comparison to excitatory recep- 
tors as NMDAR subunits (NR1, NR2A) which appeared to 
be less affected at the protein level. To confirm this as- 



Table 3. Regulated expression of amino acid receptors, related vesic- 
ular transporters and anchoring protein, and of synaplic-associated 
protein, following facial nerve lesion 





mRNA 


Protein 


Excitatory amino acid receptors 






AMPAR 






GLuR1 


— 


nd 


GLuR2 


U 1 


II 


GLuR3 


U J 




GLuR4 


I 


nd 


NMDAR 






NR1 


u 


J 


NR2A 


11 


— 


NR2B 


14 


nd 


NR2C 


«- 


nd 


NR2D 


u 


nd 


Anchoring protein 






PSD95 


j 


• > 


Vesicular transporter 






VGLUT2 


nd 




Inhibitory amino acid receptors 






GABA A R 






«1 


II 


u 


«2 


... 


nd 


P1 


— 


nd 


P2 


W 1 




03 


~ J 




?2 


11 


« 


GABAbR 






B1A 


" 1 




B1B 


11 J 




R9 
Ot 




u 


GLYR 






u1 


■1! 


11 


«2 




nd 


«3 




nd 


P1 


U 


U 


Anchoring protein 






Gephyrin 


11 


11 ' 


Vesicular transporter 






VIAAT 


nd 




Synaptic protein 






Synapsin 


nd 




p Catenin 


nd 




Cadherin 


nd 





(nd) not determined, (<-*) no change, ( I ) weak decrease, 
(14) strong decrease. 

sumption it was necessary to complete our study with the 
other NMDAR subunits like NR3A/B, and the other gluta- 
mate receptor (kainate and metabotropicglutamate recep- 
tor). 

2. At the presynaptic level, we were unable to detect 
any modulation of VIAAT protein at any stages (1-60 
days) following the lesion. It was not the case for glutama- 
tergic afferents: VGLUT2 was drastically reduced and the 
decrease began as soon as day post-lesion 3. 

3. The scaffold proteins, gephyrin and PSD95, were 
differentially regulated: gephyrin expression level fell 
sharply after facial nerve lesion, whereas PSD95 protein 
was not altered. 
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4. Recovery of the most subunits involved in AMPA 
and NMDA receptors was almost complete (between 80 
and 1 00%) at day post-lesion 30, which was not the case 
for the different subunits of glycinergic and GABAergic 
receptors (between 30% and 80%). 

Therefore, in the facial axotomy model, the effect of 
axotomy seems to occur both at a pre- and post-synaptic 
level whereas it was mainly post-synaptic for inhibitory 
receptors. These differences could be due to the different 
ways the receptors were addressed and anchored to the 
cytoplasmic membrane and to the role of inhibitory and 
excitatory inputs on facial nuclei. Further studies using 
electron microscopy are necessary to elucidate that point. 

Influence of electrical activity 

Here, we showed that TTX, a toxin which blocks voltage 
sensitive sodium channels, reduced the amounts of AMPAR 
(GLuR2. GLuR3) subunits and NMDAR (NR1, NR2A) sub- 
unit mRNAs in facial nuclei, although less strongly than 
that following axotomy. This indicates that ongoing neuro- 
nal activity was required, but only for decrease in the 
subunits gene transcription. Most of the studies on 
NMDAR showed modulation of their subunits after TTX 
treatment, and thus were in line with our results. Indeed, 
NMDAR subunits increased in ventral motoneurons into 
the spinal cord (Grossman and Wrathall, 2000), whereas 
their expression decreased in visual cortical neuron follow- 
ing TTX injection (Wong-Riley et al., 1998; Zhang and 
Wong-Riley, 1999; Catalano et al., 1997). On the opposite 
side, there are controversial results on change of AMPAR 
in response to TTX infusion. Alvarez et al. (2000) and 
Grossman and Wrathall (2000) reported that AMPA 
GLuR2/3 subunit abundance was not affected by TTX 
nerve blockade in sciatic motoneurons and ventral spinal 
cord, respectively. Down-regulation of GLuR2 subunits 
was detected in visual cortical neurons treated by TTX (Bai 
and Wong-Riley, 2003; Wong-Riley and Jacobs, 2002). 
Difference in methodological experiments can explain this 
variability: cell culture versus in vitro studies. However, it is 
not the case, between Alvarez experiments and our study. 
To understand this apparent contradictory result, we can 
propose at least two hypotheses: 

1 . First, TTX effects were mainly studied at the protein 
level and not at messenger level. We can suppose that 
whereas protein density was not affected, signalization 
mechanism of AMPAR was altered by TTX. 

2. Second, in the Alvarez et al. (2000) experiments, the 
osmotic minipumps were located at the level of the tibial 
branch of the sciatic nerve, thus far to the neuronal cell 
body and after nerve division into two branches including 
the tibial nerve and the peroneal nerve. In comparison, the 
facial nerve was smaller and it still forms a single tract at 
the level of stylomastoid foramen. These anatomical dif- 
ferences and the length between the place of application of 
the TTX and the soma of the concerned neurons, may 
explain the results obtained in both cases. 



CONCLUSIONS 

Our data suggest that glutamatergic synaptic transmission 
of facial motoneurons is severely altered by axotomy. Fur- 
thermore, the reduction occurred not only at post-synapiic 
level, but also at pre-synaptic level. This contrasts with 
modulation of inhibitory synaptic transition on lesioned 
facial nuclei, and suggests the existence of two different 
regulatory pathways for both types of neurotransmission. 
Finally, the loss of the AMPAR and NMDAR subunits was 
partly induced by activity disruption. 
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The p21 Cipl Protein, a Cyclin Inhibitor, Regulates the 
Levels and the Intracellular Localization of CDC25A in 

Mice Regenerating Livers 



Maribel Jaime, 12 Maria Jesus Pujol, 1 Joan Senatosa, 2 Cristina Panloja, 3 NuriaCanela, 1 Oriol Casanovas, 1 

Manuel Serrano, 3 Neus Agell, 1 and Oriol Bachs 1 

Liver cells from p21 Ci P 1_/ ~ mice subjected to partial hepatectomy (PH) progress into DNA 
synthesis faster than those from wild-type mice. These cells also show a premature induction 
of cyclin E/cyclin-dependent kinase (CDK) 2 activity. We studied the mechanisms whereby 
cells lacking p21 Ci '' 1 showed a premature induction of this activity. Whereas the levels of 
CDK2, cyclin E, and p27 Kipl were similar in both wild-type and p21 cipl ~'~ mice, thoseof the 
activator CDC25A were much higher in p21 c, i >1-/- quiescent and regenerating livers than in 
wild-type animals. Moreover, p21 Cl l ,1-/ ~ cells also showed a premature translocation of 
CDC25A from cytoplasm into the nucleus. The ectopic expression of p21 c, i l1 into mice 
embryo fibroblasts from p21 Ci P 1 ~' - mice decreased the levels of CDC25A and delayed its 
nuclear translocation. The levels of CDC25A messenger RNA in p21 a P l- '~ cells were higher 
than in wild-type cells, suggesting that this increase might be responsible, at least in part, for 
the high levels of CDC25A protein in these cells. Thus, the results reported here indicate that 
p2l'c«pi regulates the levels and the intracellular localization of CDC25A We also found a 
good correlation between CDC25A nuclear translocation and cyclin E/CDK2 activation. In 
conclusion, premature translocation of CDC25A to the nucleus might be involved in the 
advanced induction of cyclin E/CDK2 activity and DNA replication in ceils from animals 
lacking p21 Q P 1 . (Hepatology 2002;35:1063-1071.) 



Cell-cycle progression is orchestrated by a family of 
serine-threonine kinases named cyclin-depen- 
dent kinases (CDKs). CDK activity is regulated 
by the association with cyclins, phosphorylation of posi- 



Abbreviations: CDK, cyclih-dependcnt kinase; PCNA, proliferating cell nuclear 
antigen; PH, partial hepatectomy; M£F f mice embryonaty fibroblast; PCS, fetal calf 
serum. 
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rive and negative regulatory sites, and binding to proteins 
called CDK inhibitors. 1 Specific cyclin/CDK complexes 
are activated at different intervals during the cell cycle. 
Thus, cyclin D/CDK4 is activated at mid-Gi, and cyclin 
E/CDK2 complexes are necessary for G)/S transition, cy- 
clin A/CDK2 for progression of DNA synthesis, and cy- 
clin A-B/CDC2 for mitosis. 23 The activation of cyclin 
D/CDK4 complexes at mid-G| is responsible for the 
phosphorylation of pRB and the other members of the 
pocket family (pl07 and pl30). 4f ' Pocket proteins form 
complexes wirh transcription factors of die E2F family. 
This interaction with pocket proteins blocks the tran- 
scriptional activity of E2Fs butalso forms active transcrip- 
tional repressor complexes at the promoter of some 
cell-cycle genes. Phosphorylation of pocket proteins dis- 
rupts the transcriptional blockade and permits the expres- 
sion of genes necessary for cell-cycle progression (cyclin A, 
proliferating cell nuclear antigen [PCNA], and so on). 7 " 9 
The expression of cyclins E and A at mid -late Gi permits 
the formation of cyclin E/CDK2 and cyclin A/CDK2 
complexes, which need ro be activated by the CDK acti- 
vating kinase and the phosphatase CDC25A. Active 
cyclin E/CDK2 complexes further phosphorylate the 
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pocket proteins 10 and are involved in the "firing" of DNA 
replication, possibly by phosphorylating proteins associ- 
ated with replication origins. 1011 Cyclin A/CD K2 com- 
plexes are necessary for S-phase progression, although the 
putative substrates for these complexes are still unknown. 

Two families of CDK inhibitors have been described, 
namely the lnk4 family and the Cip/Kip family. 12 The 
lnk4 members include pl6 i,,k4a , pl5 ink4b , pl8 ink4c , and 
pl9' nk4d , which bind specifically to CDK4 and its homo- 

Iloguc CDK6. The Cip/Kip proteins, which include 
p21 Ci P J , p27 K 'P s , and p57 Ki P 2 , bind to a wide range of 
cyclin/CDK complexes. Recent reports indicate that 
whereas p21 Cj ''' behaves as an inhibitor of cyclin E-A/ 
CDK2 complexes, it plays a role as a cyclin D1/CDK4 
activator.' 3,14 The protein p2 ] ^p 1 participates in the as- 
sembly of cyclin D1/CDK4 complexes and is necessary 
for the translocation of these complexes from the cyto- 
plasm into the nucleus. Moreover, p21 c 'P' binds to 
PCNA and as a consequence inhibits PCNA-mediated 
DNA polymerase activity. 1 5 Recent reports indicate that a 
growing number of proteins (calmodulin, SET, HPV-16 
E7, E2F1, c-Myc, TOK-1, CARB, and so on) bind to 
p2lGp', indicating that it might have additional functions 
in the cells. 16 " 21 Studies performed in regenerating livers 
from p2 l c 'P 1 mice indicate that the absence of p2 l Ci i' 1 
leads to more rapid progression through Gj phase. 22 
These results suggest that p21 Ci P' acts as a brake of CD K2 
activity during mid-Gi. However, a recent report indi- 
cates that the binding of p21 c 'P' to cyclin E/CDK2 and 
cyclin A/CDK2 is similar in active and inactive complexes 
during rat liver regeneration. 7 - 1 Thus, the premature acti- 
vation of cyclin E/CDK2 complexes in p21 c 'P l-/_ mice 
might not only be explained by the lack of the association 
of p21 Cl P' with these complexes, but other mechanisms 
likely might be involved. Here wc have analyzed the pos- 
sible mechanisms whereby p21 c 'P 1 modulates CDK2 ac- 
tivity in vivo using p21 Ci P w ~ mice subjected to partial 
hepatectomy (PH). Our results indicate that p21 Ci P' reg- 
ulates the levels and the intracellular location of CDC25A 
in mice liver cells. This new function of p21 Ci P' might be 
crucial for the regulation of cyclin E/CDK2 activity in 
vivo. 

Materials and Methods 

Animals and Phis. Male (2-3 months old) C57B1/6 
wild-type or p21 u P , ~ / ~ mice 24 were used for all experi- 
ments. Animals were treated according to the European 
Community laws for animal care. PHs were performed 
according to Higgins and Anderson, in which 66% of 
liver mass was removed. 25 
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Cell Cultures. Mice cmbryonary fibroblasts (MEFs) 
were derived from day-13.5 embryos obtained from the 
corresponding colonies of wild-type or p21 c, P ,_/_ mice. 
MEFs were prepared as described. 26 MEFs were grown in 
Dulbecco's modified Eagle medium (Biological Indus- 
tries, Kibbutz beit Haemek, Israel) supplemented with 
10% feral calf serum (FCS) (Biological Industries). For 
synchronization, MEFs were cultured in scrum-dcplcted 
medium (0.1% FCS) for 48 hours. Quiescent cells were 
trypsinized, rcplated at low density, and stimulated with 
medium containing 10% FCS. 

Retroviral Transduction. Retroviral gene transfer 
was performed using high-tirer retroviral stocks generated 
by transient transfection of an ecotropic packaging cell 
line (Phoenix) as described. 27 Briefly, Phoenix cells (5 X 
10 6 ) were plated in 1 0-cm-diameter dishes, incubated for 
24 hours, and then transfected by calcium-phosphate pre- 
cipitation with 20 /xg of retroviral plasmid (pLPC or 
pLPC containing the complementary DNA of human 
p21 Ci P') (15 hours at 37°C). After 48 hours, the virus- 
containing medium was filtered (0.45-/xm filter; Milli- 
pore, Bedford, MA) and supplemented with 4 jug/mL 
polybrene (Sigma Chemical Co., St. Louis, MO). Viral 
supernatants were used to infect early-passage MEFs (less 
than 4 population doublings). For infections, the culture 
medium was replaced by the appropriate viral superna- 
tant, and then the culture plates were centrifuged (1 hour 
at 1,500 rpm) and incubated at 37°C overnight. Infected 
cell populations were selected for 3 days in selection me- 
dium that contained 2.5 /i-g/mLpuromycin (Gibco, Pais- 
ley, Scotland). 

Determination of DNA Synthetic Activity. DNA 
synthesis in mice livers was evaluated as described 28 by 
measuring the radioactivity incorporated into DNA fol- 
lowing an intraperitoneal injection (0.5 /xCi/g of body 
weight) of m«^y/-[ 3 H]-thymidine (Amersham, Bucking- 
hamshire, UK) 1 hour before the mice were killed. DNA 
synthesis in MEFs was determined by measuring the in- 
corporation of W!ff/7y/-[ 3 H]-thymidine (4 ju,Ci/mL; Am- 
ersham) into DNA as described. 29 

Generation ofCDC25A Antibodies. The CDC25A 
antibodies used in the Western blot experiments were 
generated by injecting rabbits with a peptide coupled to 
keyhole limpet hemocyanin followingstandard protocols. 
This peptide corresponds to the NHz-terminal sequence 
of human CDC25A protein (MELGPEPPHRRRLL). 
This sequence does not exist in either CDC25B or 
CDC25C. The antibodies were checked by Western blot- 
ting on purified recombinant CDC25A and cell extracts 
and showed a specific reaction with a single band comi- 
grating with recombinant CDC25A (data not shown). 
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Gel Electrophoresis and Western Blotting. Livers 
were homogenized with a Porcer-Elvehjem Teflon glass 
homogenizer in 10 vol of STM buffer (250 mmol/L su- 
crose, 50 mmol/L Tris-HCJ, pH 7.4, and 5 mmol/L 
MgSO-j) containing 1 mmol/L phenylmethylsulfonyl flu- 
oride and 1 /u-g/mL aprotinin at 4°C. Homogenates were 
subjected to Western blotting as described. 30 Briefly, the 
proteins were separated electrophorecically in sodium do- 
decyl sulfate/polyacrylamide gels and dien transferred 
onto Immobilon-P membranes (Millipore) at 60 V for 2 
hours at 4°C. Membranes were preincubated in phos- 
phate-buffered saline containing 5% skim milk powder 
for 1 hour at room temperature, and then they were in- 
cubated for 1 hour in Tris-buffered saline, 0.5% skim 
milk powder, and 1% bovine serum albumin containing 
antibodies against the following: CDK2 (UBI 06-505; 
Upstate Biotechnology, Lake Placid, NY), cyclin E (UBI 
06-459; Upstate Biotechnology), cyclin A (SC-596; Santa 
Cruz Biotechnology, Santa Cruz, CA), p21 Qpl (SC- 
397G; Santa Cruz Biotechnology), p27 Kipl (SC-528G; 
Santa Cruz), PCNA (1170406; Boehringer, Ottweila, 
Germany), CDK7 (SC-857; Santa Cruz Biotechnol- 
ogy), or CDC25A'. Alkaline phosphatase-labeled (Pro- 
mega, Madison, WI) or horseradish peroxidase-labeled 
(Bio-Rad, Hercules, CA) a'ntibodies were used as second- 
ary antibodies. To check the equal loading of the gels, 
Western blors using anti-actin antibodies (ICN Bio- 
chemicals, Costa Mesa, CA) were performed. 

hnmunoprecipitation, Kinase Assays, and Western 
Blotting. To determine the activity of cyclin E/CDK2 
and cyclin A/CDK2 complexes, liver samples were lyscd 
for 30 minutes on ice in buffer L (50 mmol/L Tris-HCl, 
pH 7.4, 0.1% Triton X-100, 5 mmol/L erhylenedi- 
aminetetraacetic acid, and 250 mmol/L NaCl) containing 
50 mmol/L NaF, 0.1 mmol/L Na 3 V0 4 , 1 mmol/L 
phenylmethylsulfonyl fluoride, 10 /xg/mL leupeptin, and 
0.5 ptg/mL aprotinin. Samples were then clarified by cen- 
trifugation at 10,000^ for 10 minutes at 4°C. Superna- 
tants were incubated overnight at 4°C with antibodies 
against cyclin E (UBI 06-459; Upstate Biotechnology) or 
cyclin A (SC-596; Santa Cruz Biotechnology), followed 
by incubation with protein A beads (Pierce, Rockford, IL) 
for 1 hour at 4°C. After centrifugation, the immunopre- 
cipitates were washed 3 times with buffer L and once with 
kinase buffer (20 mmol/L HEPES, pH 7.4, 10 mmol/L 
magnesium acetate, 1 mmol/L dithiothrcitol, 50 mmol/L 
NaF, 0.1 mmbl/L Na 3 V04, 1 mmol/L phenylmethylsul- 
fonyl fluoride, 10 /xg/mL leupeptin, and 0.5 jtig/ml, apro- 
tinin). The samples were then incubated for 30 minutes at 
30°C in kinase buffer containing 3 /ag histone HI 
(Boehringer Mannheim), 20 /J,mol/L adenosine triphos- 
phatei and 5 juCi (y- 32 P)-adcnosinc triphosphate (Amer- 
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sham) in a total volume of 20 juL. Reactions were stopped 
by adding Liemmli sample buffer. The proteins were 
separated electrophoretically in 1 2% sodium dodecyl sul- 
fate/polyacrylamide gels. The gels were dried, and phos- 
phorylated histone H 1 was detected by autoradiography. 
To determine the amount of CDK2 associated with cy- 
clin E or cyclin A, the immunoprecipitates were subjected : 
to Western blotting using anti-CDK2 antibodies instead 
of kinase assays. 

Immunohistocbemistry. Fresh liver tissue from non- 
operated and regenerating mice were subjected to immu- 
nohistochemistry analysis as previously described. 23 
Slides were incubated overnight at 4°C with anti- 
CDC25A antibodies (SC-7157; Santa Cruz Biotechnol- 
ogy). The ABC detection system (ABC kit for rabbit 
polyclonal antibodies; Vector) was used. The slides were 
subsequently incubated fot 45 minutes, first with the bi- 
otinylated second antibodies and then with the labeled 
ABC. Diaminobenzidine was then applied as a chromo- 
gen and incubated for 10 minutes. Finally, the slides were 
rinsed in phosphate-buffered saline and mounted for ex- 
amination. The negative control slides were treated in an 
identical manner except that the primary antibodies were 
omitted. To determine CDC25A nuclear expression in 
synchronized MEFs, cells at different times after addition 
of PCS were fixed in 4% paraformaldehyde in 0. 1 mol/L 
phosphate buffer for 20 minutes at room temperature. 
After rinsing in phosphate-buffered saline, cells were in- 
cubated with anti-CDC25A antibodies as in the case of 
liver tissue (both anti-CDC25A antibodies, SC-7157 and 
those generared in our laboratory, gave similar results). To 
quantify MEFs with nuclear staining, a minimum of 5 
random microscopic fields containing 100 cells each were 
measured at different times after addition of FCS. The 
fraction of positive nuclei with respect to total nuclei was 
expressed as a percentage. For each selected time point, 
the mean and SD were determined (n = 3). Each time 
point was compared with the appropriate control (0 
hours) and analyzed using an unpaired Student's t test. 

To detect PCNA expression in synchronized MEFs, 
cells were fixed at different times after addition of FCS 
with 100% methanol at — 20°C for 8 minutes and incu- 
bated with monoclonal anti-PCNA antibodies (Onco- 
gene NA03) overnight at 4°C. After rinsing in phosphate- 
buffered saline, cells were incubated with an anti-mouse 
fluorescein isothiocyanate- conjugated secondary anti- 
body for 1 hour at room temperature.. MEFs with PCN A- 
positive immunostaining were counted per mm 2 
microscopic area in at least 10 random fields in each sam- 
ple. 

Northern Blot Analysis. For Northern blots, 10 /Ag 
of total RNA was electrophorcscd in denaturing agarose 
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Fig. 1. DNA synthesis, cyclin A, ant) PCNA expression in regenerating 
livers from wild-type (WT) and p21 c *w- m i ce . (A). DNA synthesis was 
measured as described in Materialsand Methods section in liver samples 
from wild-type (A.) or p21 ct P I "/~ (•) mice obtained at the indicated time 
points after PH. (B) Levels of cyclin A {CYC A) and PCNA were determined 
by Western blot analysis in livers obtained at the indicated time points 
after PH. 
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gels, transferred to Hybond-N + membranes, and probed 
according to standard procedures. The CDC25A probe 
consisted of a fragment of 1.5 kilobases containing the 
coding region of murine CDC25A and labeled by ran- 
dom priming. Hybridization was performed at high- 
stringency conditions. Membranes were reused after 
complete stripping of the probes. Quantification was per- 
formed using a phosphorimager and corrected for the 
total RNA input using the signal for G-actin as reference. 

Results 

Cell-Cycle Entry Occurs Earlier in Regenerating 
Livers From p21 Ci P'-'- Mice Than in Wild-Type 
Mice. Wild-type mice subjected to PH started DNA syn- 
thesis at 36 hours and showed a maximum at 48 hours 
after PH. In contrast, DNA synthesis was advanced in 
p2i dpi-/- m j ce> st;u . r j n g at 24 hours and showing a peak 
at 36 hours after PH (Fig. 1A). We also measured the 
levels of 2 proteins (PCNA and cyclin A) whose expres- 
sion depends on F.2F rranscriprion factors. 31,32 Figure IB 
shows that both PCNA and cyclin A were detected at 36 



hours after PH in p2l Cl|,l ~" /- mice, whereas both proteins 
appeared at 48 hours after PH in wild-type animals. These 
results are in agreement with a previous report indicating 
that DNA synthesis and cyclin A and PCNA expression 
occurs earlier in regenerating p21 c, P ,_/_ mice than in 
wild-type animals. 2 - 

CyclinlCDK Complexes and Activities in Regener- 
ating Livers From Wild-Type and p2l cipl ~ , ~ Mice. 
Because the onset of DNA replication and the expression 
of E2F-dependent genes depends on the activity of cyclin/ 
CDK complexes and the subsequent phosphorylation of 
pocket proteins, we further measured the activity of cy- 
clins F.-A/CDK2 in both wild-type and p21 Ci P 1_/_ mice. 
In wild-type livers, cyclin E/CDK2 activity was undetect- 
able in nonoperatcd animals and until 24 hours after PH. 
At 36 hours, slight activity was observed; the activity was 
maximal at 40 hours and then subsequently decreased 
(Fig. 2). In contrast, in p21 Q P 1_/ ~ liver cells, cyclin 
E/CDK2 activity was prematurely induced. It was signif- 
icantly detected at 24 hours and maximal at 36 to 48 
hours after PH (Fig. 2). Likewise, the amount of CDK2 
. associated with cyclin E was determined at different times 
after PH. As shown in Fig. 2, in wild-type animals, signif- 
icant amounts of CDK2 were associated wich cyclin E at 
24 hours and 36 hours after PH, when the activity was 
absent or low. At 40 to 48 hours, when the activity was 
high, the levels of CDK2 associated with cyclin E were 
similar or lower than at 24 to 36 hours. Thus, the induc- 
tion of CDK2 activity was not associated with a signifi- 
cant increase in the formation of cyclin E/CDK2 
complexes. In p2l CipW ~ mice, some complexes were 
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Fig. 2. Cyclin E/CDK2 and cyclin A/CDK2 complexes and activities in 
regenerating livers from wild-type (WT) and p21 c *'"/" mice. Samples 
from livers at time points from 0 to 48 hours after PH were subjected to 
immunoprecipitation with antibodies against cyclin E (CYC E) or cyclin A 
(CYC A). Immunoprecipitation with a normal rabbit serum (NRS) was 
used as a control. The immunoprecipitates were subjected to kinase 
assays as described in Materials and Methods using histone HI (HI) as 
substrate. The immunoprecipitates were also subjected to Western blot- 
ting to determine the amount of CDK2 present In these complexes. 
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seen at 0 and 1 3 hours after PH when rhe activicy was 
absenc or very low. Ar later times, cyclin E/CDK2 com- 
plexes and high activity were detected (Fig. 2). As ex- 
pected for rhe advanced expression of cyclin A in 
p2jCipi-/- m j cej cyclin A/CDK2 complexes appeared at 
36 hours after PH, in parallel with cyclin A/CDK2 activ- 
ity (Fig. 2). In wild-type animals, complexes were de- 
tected between 40 and 48 hours, also in parallel with 
cyclin A/CDK2 activity (Fig. 2). 

Expression of Cell-Cycle Regulatory Proteins in Re- 
generating Livers From p21 Cifl ~'~ Mice. To study the 
mechanism involved in the premature activation of cyclin 
E/CDK2 complexes in p21 c 'P l_/_ mice, the expression of 
cyclin E, CDK2, p27 Ki P 1 , and p21 Ci P 1 was measured at 
different times after PH. No significant differences in the 
expression of these proteins between the 2 types of mice 
were found, with the obvious exception of p21 Qpl that 
was not expressed in p21 u I >1 mice (Fig. 3). The levels of 
CDK4, CDK6, cyclin Dl, and cyclin D3 were also stud- 
ied, but no differences were observed between the 2 types 
of animals (data not shown). Thus, we decided to further 
analyze the expression of the activators CDK7 and 
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Fig. 3. Levels of cyclin E (CYC E), CDK2, p27 Ci P>, p21 c * 1 . CDK7, and 
CDC25A in regenerating livers from wild-type (WT) and p21 aol_/ " mice. 
The levels of cyclin E, CDK2, p27<* 1 , P21* 1 , CDK 7, and CDC25A were 
measured by Western blotting in liver homogenates obtained at different 
times after PH. 
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CDC25A (Fig. 3). Interestingly, we found that the levels 
of CDC25A were much more elevated in p21 Q P ,-/ ~ mice 
than in wild-type animals ar any time after PH but also in 
quiescent livers. In contrast, the expression of CDK7 was 
similar in both cases. These results suggest that p21 Cl P 1 
regulates the expression of CDC25A and that the high 
levels of CDC25A could play a role in rhe faster cell-cycle 
progression in cells lacking p21 Cl P'. 

Intracellular Localization of CDC25A During 
Liver Regeneration in Wild-Type and p21 Ci l' 1 ~ l ~ 
Mice. Despite the high constitutive levels of CDC25A in 
p2jOpi-/- q U j escent |j ver ce |] S) me activity of cyclin 
E/CDK2 was not induced until 24 hours after PH. This 
suggests the existence of additional regulatory mecha- 
nisms for CDK2 activity. We have considered whether 
the intracellular localization of CDC25A could play a role 
in defining the timing of cyclin E/CDK2 activation. 
Thus, we analyzed the subcellular distribution of 
CDC25A during liver regeneration in wild-type and 
p2iQpi-/- liver cells. Immunohistochemical experiments 
showed that, in wild-type animals, CDC25A was located 
in the cytoplasm until 24 hours after PH. At 36 hours, it 
was already nuclear and remained in this compartment 
until at least 48 hours after PH (Fig. 4). Interestingly, in 
p2]Opi-/- ]j vers , CDC25A translocated to the nucleus at 
24 hours and then remained nuclear until at least 48 hours 
after PH (Fig. 4). These resulrs indicate that p21°r 1 also 
regulates the nuclear location of CDC25A. On compari- 
son of Figs. 2 and 4, it can be seen that a good correlation 
exists between cyclin E/CDK2 activation and CDC25A 
nuclear localization. Thus, these resulrs suggest that 
CDC25A might be involved in the advanced activation of 
cyclin E/CDK2 in p21 Ci P w_ animals. 

Ectopic Expression of p21 c 'f' in MEFs From 
p21 Ci P'-'- Mice Decreased the Levels ofCDC25A and 
Delayed Its Translocation Into the Nucleus. To fur- 
ther show diat the absence of p2 l Cipl is responsible for the 
increased levels of CDC25A, we analyzed the effect of 
introducing p21°P 1 into p21 Cl P w ~ cells. To perform 
this analysis, we used MEFs from p21 Cl P'~'~ mice. Sim- 
ilar to that observed in regenerating liver, serum-stimu- 
lated MEFs from p21 Cl P w_ mice showed an advanced 
peak of DNA synthesis and PCNA expression (Fig. 5). As 
observed in liver cells, the levels of CDC25A in asynchro- 
nously growing MEFs were higher in p21 ci P 1 than in 
wild-type mice (Fig. 6A). The infection of p21 & P 1-y- 
MEFs with retroviral vectors carrying human wild-type/ 
p21 c 'P' generated a moderated expression ofp21 c 'P' pro- 
tein comparable to the endogenous levels of p21 Ci P' in 
wild-type MEFs (Fig. 6A). Interestingly, in these cells, 
CDC25A decreased to levels similar to those of wild-type 
MEFs (Fig. 6A). The expression of p21 Cl P 1 did not induce 
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cell-cycle arrest (Fig. 6B), indicating that the reduction of 
CDC25A levels was not due to a block of cell prolifera- 
tion. In p21 c, » >l-/— MEFs, the nuclear transport of 
CDC25A occurred earlier than in wild-type MEFs (Fig. 
7 A). Interestingly, the ectopic expression of p21 c,pl in 
p 2iCipi~/- MEFs d c | ayC{ j CDC25A Transport into the 
nucleus (Fig. 7B), confirming that p21 c 'P' regulates the 
nuclear cransport of CDG25A. 

Levels of CDC25A Messenger RNA in Wild-Type 
and p2l Ci P'~'~ MEFs. To analyze whether the increased 
levels of CDC25A protein observed in p21 a P 1 ~ /- cells 
might be mediated by an elevation in the amount of 
CDC25A messenger RNA, we performed a Northern 
blot analysis in wild-type and p21°P w ~ MEFs. Results 
indicate that CDC25A messenger RNA levels were 
slightly but significandy higher (33% increase) in 



p21 C| P 1-/ ~ MEFs than in wild-type MEFs. These results 
indicate that p21 Cl P 1 might at least partially regulate 
the expression of CDC25A at the transcriptional level 
(Fig. 7C). 

Discussion 

In the past few years, a number of reports have shown 
that p21 c 'P' is a multifunctional protein that might reg- 
ulate cell-cycle progression at several different levels.' 2 ' 21 
Quiescent cells from young animals have low levels of 
p2i<-ipi niitogenic stimulation', the expression of 

p2jCipi j s | nc l ucec l ) showing a peak at mid-late Gj. The 
levels of this protein dien subsequently decrease. This 
peak of p21 c 'P' is probably first involved in the transloca- 
tion of cyclin D1/CDK4 from cytoplasm to the nucleus 
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Fig. 5. DNA synthesis and PCNA expression in MEFs from wild-type 
and p21 c * 1_/ - mice. MEFs from wild-type (□> and p21 Ci " 1 ^- (■) mice 
were synchronized by 48 hours of serum starvation and then stimulated 
to proliferate by addition of FCS. Cells were harvested at different times 
after activation, and DNA synthesis was measured by [■ , H]-thymidine 
incorporation as described in Materials and Methods. PCNA expression 
was determined by immunocytochemical analysis. Results are repre- 
sented as the percentage of positive cells. In both cases, the values are 
the mean ± SD from 3 independent experiments. 



because the amount of nuclear cydin D1/CDK4 com- 
plexes is reduced in cells lacking p21 Cl P'. 13,H The mito- 
gen-induced peak of p21 Cl P' might later be involved in 
modulating CDK2 activity. This is based on the fact that 
the induction of CDK2 activity after mitogenic stimula- 
tion is advanced in p2 1 Gpl -/_ cells and consequently cells 
move faster to S phase. 22 However, the mechanism 
whereby p2 1 C( p' modulates the riming of CDK2 activity 
is still controversial. 23 The results reported here indicate 
that p2 1 °^ regulates the levels of CDC25A and its intra- 
cellular localization. Our observations also showed a very 
good correlation between CDC25A nuclear localization 
and cydin E/CDK2 activation in both wild-type cells and 
p21 G P i-/- ce |i s ThuS) p 2!,Cipi down-regulates CDC25A 

and temporally blocks the translocation of CDC25A 
from cytoplasm to the nucleus at mid-G], avoiding the 
premature activation of cyclin E/CDK2. CDC25A spe- 
dfically dephosphorylates tyrl5 residue of CDK2, which 
is critical for CDK2 activation at late Gj. 33 Ectopic over- 
expression of CDC25A in human cell lines leads to pre- 
mature activation of cyclin E- and cyclin A-depcndcnt 
kinases and to advanced entry on S phase. 33 - 1 '' These data 
are in agreement wirh our results showing high levels of 
CDC25A and premature induction of cydin E-A/CDK2 
activities and DNA synthesis in p2] Ci P 1-/ ~ liver cells. 

p21 G P I and CDC25A compere for the binding to the 
same cyclin domain in cyclin/CDK complexes; as a con- 



sequence, cyclin/CDK complexes containing p2l c 'f I are 
more resistant to the action of GDC25A. 35 Thus, in cells 
lacking p21 c 'P l , the capability of CDC25A to activate 
cyclin E/CDK2 complexes might be higher than in wild- 
type cells. However, this fact does not explain why the 
levels of CDC25A arc higher in p21 G P ,_/ ~ cells than in 
wild-type cells and why CDC25A translocates prema- 
turely to the nucleus in p2l c 'P 1-/ ~ cells. 

Our results showed a slight but significant increase of 
CDC25A messenger RNA in p 21 g p w - cells (33%) that 
might be responsible, at least in part, for the high levels of 
CDC25A protein observed in these cells. It has been 
shown that p21 G P' binds directly to E2F-1/DP-1 and 
STAT3, inhibiting their transcriptional activities. lS - 36 
Theabilityofp2.1 G P' to actasa transcriptional modulator 
is supported by another report describing that p21 G P 1 , 
when overexpressed in a human cell line, selectively in- 
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Fig. 6. Effect of ectopic expression of p21 Q| " on the levels of 
CDC25A. (A) Western blot of CDC25A and p21 Q i" in asynchronously 
growing wild-type (WT) or p2i Ci f >1 -/- MEFs infected with retroviruses 
containing an empty vector (pLPC) or a vector carrying the complemen- 
tary DNA of human p21 a " 1 (pLPC-p21) as indicated. After 16 hours of 
infection, cells were selected during 4 days as described in Materials and 
Methods. Cells were then harvested and the levels of CDC25A and 
p21 Qo3 measured by Western blotting. (B) [ 3 H]-Thymidine incorporation 
was measured In p21 apl-/ ~ cells infected with an empty vector (■) or 
a vector carrying the complementary DNA of human p21 CiB1 (•). Infected 
cells were collected at 2 or 4 days after selection, and [ 3 H]-thymidine 
incorporation was measured as described in Materials and Methods. 
Results are expressed as the mean ± SD. 
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Fig. 7. Effect of ectopic expression of p21 Ci(l1 on nuclear translocation 
of CDC25A. (A) Percentage of CDC25A-positive nuclei in wild-type (□) 
and p21 c| p > /" MEFs (■) at different times after addition of FCS. 
CDC25A translocation in p21 eipl ~/" MEFs was significantly higher (P s 
.05) at 10 hours than at 0 hours, In wild-type MEFs, a significant 
increase was not observed until 12 hours. (B) Percentage of CDC25A- 
positive nuclei in p21 < * l ~/~ MEFs infected with retroviruses containing 
an empty vector (pLPC) (■) or a vector carrying the complementary DNA 
of human p21 a i» (plJ>-p21) (□). CDC25A translocation in pLPC cells 
was significantly higher (P ^ .05) at 8 hours than at 0 hours. In 
pLPC-p21 cells, a significant increase was not observed until 10 hours. 
In all cases, MEFs were synchronized by serum starvation by 48 hours 
and then stimulated to proliferate with addition of FCS. Values are the 
mean ± SD from 3 independent experiments. (C) Levels of CDC25A 
messenger RNA in wild-type (□) and in p21 c " 1 " / " MEFs (■). Results 
were quantified and expressed as arbitrary units, giving a value of 1 to 
results of wild-type MEFs. Results are the mean ± SD from 3 indepen- 
dent experiments. 



hibits a set of genes involved in mitosis, DNA replication, 
segregation, and repair, 37 The recent finding that 
CDC25A is an E2F target gene with expression directly 
regulated by E2F- 1 opens the possibility that, in wild-type 
cells, p21 f - , f I might down-regulate the levels of CDC25A 
through binding to E2F- 1 . 38 This could explain why cells 
lacking p21 c, P' might contain higher levels of CDC25A. 

The mechanism by which p2 l Cl ' >1 modulates the trans- 
location of CDC25A from cytoplasm to the nucleus is 
still far to be established. It has been shown that p21 Clf>1 
positively regulates the nuclear translocation of cyclin 
D1/CDK4 complexes' 3,14 and that this translocation is 
dependent on calmodulin, which direcdy associates with 
the carboxy-terminus of p21 Cipl , a region containing sev- 
eral nuclear localization signals. ,8 • 3i, In addition to cal- 



modulin, other proteins associate with this region of 
p2]Cipi is-21 i n most cases, the function of these interac- 
tions still remains to be established. Thus, the participa- 
tion of these p21 c 'P'-binding proteins in the regulation of 
CDC25A nuclear transport may not be excluded. 

In summary, the results reported here show for the first 
rime a new function for p2 l Cipl as a regulator of the levels 
and the nuclear translocation of the phosphatase 
CDC25A, an activator of cyclin E-A/CDK2 complexes. 
This new function of p21°P' might be involved in defin- 
ing the timing of the induction of cyclin E/CDK2 activity 
and the onset of DNA replicarion in regenerating mice 
liver cells, 
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Maternal diabetes during pregnancy is associated with 
an increased rate of congenital malformations in the 
offspring. The exact molecular etiology of the disturbed 
embryogenesis is unknown, but an involvement of rad- 
ical oxygen species in the teratological process has been 
suggested. Oxidative damage presupposes an imbal- 
ance between the activity of the free oxygen rad icals and 
the antioxidant defence mechanisms on the cellular 
level. The airo.jof the present study was to investigate if 
maternal diabetes in invo, or high glucose in vitro alters 
the expression of the free oxygen radical scavenging 
enzymes superoxide dismutase (CuZnSOD and 
MnSOD), catalase and glutathione peroxidase in rat 
embryos during late organogenesis. We studied off- 
spring of normal arid diabetic rats on gestational days 
11 and 12, and also evaluated day-11 embryos after a 48 
hourculture period in 10 mM or 50 mMglucose concen- 
tration. Both maternal diabetes and high glucose culture 
caused growth retardation and increased rate of con- 
genital malformations in the embryos. The GuZnSOD 
and MnSOD enzymes were expressed on gestational 
day 11 and both CuZnSOD, MnSOD and catalase were 
expressed on day 12 with increased concentrations of 
MnSOD transcripts when challenged by a diabetic mi- 
lieu. There was a good correlation between mRNA, 
protein, and activity levels, suggesting that the regula- 
tion of these enzymes occurs primarily at the pre- 
translational level. Maternal diabetes in vivo and high 



glucose concentration in vitro induced increased 
MnSOD expression, concomitant with increased total 
SOD activity, and a tentative decrease in catalase ex- 
pression and activity in the embryos. These findings 
support the notion of enhanced oxidative stress in the 
embryo as an etiologic agent in diabetic teratogenesis. 

Key words: scavenging enzyme, free oxygen radical, rat 
embryo, diabetes, malformation, gene expression 

Abbreviations: MnSOD, superoxide dismutase localized to the 
mitochondria containing manganese; CuZnSOD, superoxide 
dismutase localized to the cytoplasm containing copper and 
zinc; N, and MD, normal, and (manifestly) diabetic rats; Nil, 
N12, offspring of N rats on gestational day 11, and 12; MDH, 
MD12, offspring of MD rats on gestational day 1 1, and 12. 



INTRODUCTION 

Diabetic pregnancy is despite major im- 
provements in medical and obstetrical care, still 
associated with a 2-3 fold increased incidence of 
major malformations in the offspring. 1,2 The exact 
cellular and molecular mechanisms are largely 
unknown. A diabetes-like environment in vitro or 
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maternal diabetes in vivo have been shown to 
produce both growth retardation and congenital 
malformations in experimental animals. 3 The 
search for teratological agents in various experi- 
mental models of diabetic pregnancy, both in vivo 
and in vitro, has identified a handful of possible 
compounds and mechanisms. Thus, metabolites 
which are elevated in a diabetic milieu, such as 
glucose, p-hydroxybutyrate, triglycerides, and 
branched chain amino acids have shown an asso- 
ciation with compromised embryonic develop- 
ment in vivo.* Furthermore, addition of excess 
glucose, s fi-hydroxybutyrate, 6 and a metabolite of 
leucine, a-ketoisocaproate, 7 to rodent embryo cul- 
ture in vitro have demonstrated that these agents 
have strong teratogenic activity. Notably, these 
compounds are all oxidizable substrates and are 
likely to be metabolized by the embryo. 

Recently it has. been suggested that the embry- 
onic oxidative metabolism is directly coupled to the 
teratogenic process via excess of free oxygen radi- 
cals in the embryo. 7,8 Free oxygen radicals are 
known to generate disturbed in vitro development 
per se, 9 and exogenous supplementation of the free 
oxygen radical scavenging enzyme superoxide dis- 
mutase to embryo culture with high concentration 
of glucose, P-hydroxyburyrate and a-ketoisocapro- 
ate protects against malformations. 7,8 Therefore, it 
seems plausible that oxidative stress constitutes a 
link between the diabetes-like environment in vitro 
and embryonic dysmorphogenesis. 

The scavenging enzymes - catalase, gluta- 
thione peroxidase and superoxide dismutase- are 
prominent members of the cellular antioxidant 
defence which metabolizes the reactive oxygen 
derivatives such as hydrogen peroxide (catalase 
and glutathione peroxidase) and the superoxide 
ion (superoxide dismutase). In addition, there are 
two intracellular isoenzymes of superoxide dis- 
mutase - CuZnSOD and MnSOD. The former en- 
zyme is localized in the cytoplasm and the latter 
in the mitochondria of the cell. 10 

The possibility that a diabetic environment in- 
duces congenital malformations in the offspring 
via increased oxygen radical activity prompted us 



to investigatewhether maternal diabetes and high 
glucose in vitro may alter the expression and /or 
activity of CuZnSOD, MnSOD, catalase and gluta- 
thione peroxidase in rat embryos during the criti- 
cal period of organogenesis. In a previous study 
we found marked changes in gene expression of 
the two extracellular matrix proteins laminin and 
fibronectin in embryos subjected to a diabetic or 
hyperglycemic environment." The aim of this 
study was to identify effects on the cellular 
antioxidant defence mechanisms exerted by a 
diabetes-like milieu. 

MATERIALS AND METHODS 

Animals and Embryo Culture 

Female Sprague-Dawley rats from a malforma- 
tion prone U substrain were made diabetic by a 
single i.v. injection of srreptozotocin at a dose of 
40 mg/kg body weight. Two to three weeks after 
the injection diabetic females (>20 mM serum glu- 
cose) were caged overnight with non-diabetic 
male Sprague-Dawley rats. The following morn- 
ing was denoted gestational day 0 if a positive 
vaginal smear was found. Rat embryos from nor- 
mal and diabetic mothers were excised on day 11 
and 12, examined under a stereo microscope and 
stored at - 80°C for subsequent RNA and protein 
studies. Day-9 embryos from normal mothers 
were explanted and cultured for 48 hours in 10 or 
50 mM glucose as outlined in earlier reports. 7,8 
After culture, morphological analysis was per- 
formed as previously described. 7 '" 

RNA Studies 

Total RNA was extracted with the guanidine 
isothiocyanate method 12 and poly (A)* RNA iso- 
lated by oligo-dT affinity chromatography (Fast 
Track mRNA Isolation Kit; Invitrogen, San Diego, 
CA, USA). The RNA samples, either total or 
poly- A* RNA fraction, were subjected to electro- 
phoresis on 1% agarose gel containing 2.2 M form- 
aldehyde, transferred to a nylon membrane and 
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hybridized to ^P-labelled cDNA probes coding 
for human CuZnSOD," human MnSOD," rat 
catalase, 15 mouse glutathione peroxidase,' 6 and 
human y-actin. 17 Hybridization was performed at 
42°C in a solution containing 50% formamide, 5X 
SSPE, 2.5X Denhart's solution, 0.1% SDS and 
100 mg/ml denatured salmon sperm DNA. The 
membranes were washed in 0.1X SSPE, 0.1% SDS 
at 55°C and incubated with Kodak X-Omat AR 
film at - 80°C. Densitomerric analysis of the auto- 
radiograms was performed after non-saturating 
exposures with a Quick Scan Jr densitometer 
(Helena Laboratories, Beaumont, TX, USA). Hy- 
bridization to y-actin, a transcript not altered by 
maternal diabetes, was used as an internal control 
to correct for loading inequalities. 

Immunoblot Analysis 

Embryos were sonicated and about 30 ug protein 
per well were resolved by 14% SDS-poly- 
acrylamide gel electrophoresis. The polypeptide 
bands were transferred to a nitrocellulose mem- 
brane using electroblotting (Bio-Kad Laboratories, 
Richmond, CA, USA) and incuba ted with polyclo- 
nal rabbit antibody to rat CuZnSOD and rat 
MnSOD. Secondary horseradish peroxidase- 
labelled sheep anti-rabbit antibodies were subse- 
quently applied and the antigen-antibody com- 
plex was visualized by chemiluminescence (ECL 
ivestern blotting analysis system, Amersham 

TABLE 1 Embryo morphology 



International, Little Chalfont, Buckinghamshire, 
UK), detected by a Kodak X-Omat AR film. The 
bands were quantitated densirometrically and 
data were expressed as arbitrary densitometric 
units per ug protein loaded in each well. The pro- 
tein content of the sonicated embryos was deter- 
mined by the method of Lo wry et al. 19 using bovine 
serum albumin as a standard. 

Enzymatic Activity Studies 

Activity measurements was performed as pre- 
viously described." Briefly, superoxide dis- 
mutase activity was measured as inhibition of 
xanthine oxidase-generated luminol 
chemiluminescence. 20 Peroxidative activity of 
catalase was utilized for spectrophotometry de- 
termination by the production of formaldehyde 
from methanol. 21 Glutathione peroxidase activity 
was established by estimating absorbance 
changes due to the hydroperoxide-specific oxi- 
dation of NADPH in an enzymatic cycling 
assay. 22 The DNA content of the embryos was 
measured fluorometrically as described by 
Kissane and Robins 23 and Hinegardner. 24 

Statistical Analysis 

Differences between means were evaluated with 
the aid of Student's two-tailed unpaired f-test, or 
with X 2 -staristics with Yates' correction, which- 
ever method was applicable. 25 





number 


crown-rump 


number 


malformation 




of 


length 


of 


score 




observations 


(mm) 


somites 


(0-10) 


10C 


20 


4.1 ± 0.3 


29.3 ±0:5 


0.2 


50 G 


31 


2.7 ±0.2* 


22.3 + 0.4* 


8.9* 


N11 


42 


4.5 ±0.1 


29.1 ±0.3 


0.2 


MD 11 


53 


2.9 + 0.1* 


25.1 ±0.2* 


4.5* 


N 12 


16 


6.6 ±0.1 


35.2 ±0.3 


0.2 


MD 12 


30 


4.7 ±0.2* 


29.7 ±0.3* 


2.1 



Crown rump length, somite number and malformation score in embryos cultured in 10 mM or 50 mM glucose concentration (10C, 
50 G), and in day-1 1 and day-12 embryos of normal (N) and diabetic rats (MD). 

Significance: * = p < 0.05 versus either 10 G embryos in vitro, or N 11 or N 12 embryos m vivo. Student's two-tailed unpaired f-test, 
or X -statistics (with Yates' correction) (25). 
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TABLE 2 Enzymatic activity TABLE 3 Superoxide dismutase expression 





superoxide 




glutathione 




dismutase 


catalase 


peroxidase 


10 G 


12.0+0.9(12) 


3.2 ±0.4 (8) 


12.2 ±1.8 (9) 


50 G 


16.5 ±1.5* (12) 


3.6 + 0.3(8) 


10.911.3(9) 


Nil 


14.4 ± 1.1 (4) 


1.1 ±0.1 (6) 


7.9 ± 2.7 (3) 


MD11 


ias± i.i* (3) 


0.8 ±0.1 (6) 


7.2 ±1.4 (5) 


N12 


10.7 ±0.6 (4) 


0.9 ±0.1 (3) 


5.7 ±0.4 (4) 


MD12 


15.311.6* (3) 


1.0 ±0.2 (2) 


6.0 ±0.5 (2) 



Activities of superoxide dismutase, catalase, and glutathione 
peroxidase in embryos cultured in 10 mM or 50 mM glucose 
concentration (10 G, 50 G), and in day-1 1 and day-12 embryos 
of normal (N) and diabetic rats (MD). Superoxide dismutase 
activity is expressed as mU/ug DNA, catalase and glutathione 
peroxidase are expressed as pKat/ug DNA. Number of 
observations in parentheses. 

Significance: * = p < 0.05 versus either 10 G embryos in vitro, 
or N 11 or N 12 embryos in vivo. Student's two-tailed unpaired 
r-test (25). 

RESULTS 

The morphological analysis of the embryos were 
in agreement with previously published 
data 47 '*' 26 : Embryos from diabetic rats were 
smaller than offspring from normal rats, culture 
in 10 mM glucose produced embryos with a mor- 
phology closely corresponding to that occurring 
in vivo, while culture in 50 mM glucose had a 
profound growth retarding and teratogenic ef- 
fect, yielding decreased crown rump length, de- 
creased somite number and increased 
malformation score (Table 1). 

We found a 30-40% increase in the activity of 
superoxide dismutase in embryos cultured in 
50 mM glucose compared with 10 mM glucose 
culture, as well as in embryos from diabetic rats 
compared with embryos of normal rats (Table 2). 
Exposure to a diabetic environment did not 
appear to affect the activity of glutathione per- 
oxidase, whereas catalase tended to be decreased 
by about 30% in the MD 11 embryos compared to 
the N 11 embryos (0.05 < p < 0.1, Table 2). 

To determine the relative contribution of 
CuZnSOD and MnSOD to the increase in total 
SOD activity, and to dissect the mechanisms 



mRNA Protein 



CuZnSOD MnSOD CuZnSOD MnSOD 



50 G 94 ± 20 (6) 134 (2) 109 1 67(13) 124 1 64(13) 
MD11 95 + 39(7) 164 (2) ND ND 

MD12 112 ±37 (6) 121 (3) 93 ±51 (12) 138 ± 82* (20) 



Superoxide dismutase mRNA and protein levels in embryos 
cultured in 50 mM glucose concentration (50 G), and in day-1 1 
and day-12 embryos of diabetic rats (MD 11 and MD 12). Data 
are expressed as percent of either embryos cultured in 10 mM 
glucose in vitro, or day-1 1 or day-12 embryos from normal rats 
in vivo, (mean ± SD), "ND" denotes not determined value. 
Significance: *=p < 0.05 versus either 10G embryos in vitro, or 
N 11 or N 12 embryos in vivo. Student's two-tailed unpaired 
f-test (25). 

underlying this effect of the diabetic milieu we 
measured both mRNA and protein levels of the 
CuZnSOD and MnSOD. Both CuZnSOD mRNA 
and protein levels were unchanged in the diabetic 
compared to the control conditions/ both in vivo 
and in vitro (Table 3). In order to detect the rare 
message of MnSOD we had to use poly A selected 
mRNA from pooled RNA of 10-20 embryos. This 
diminished the number of determinations, 
thereby precluding statistical comparison. How- 
ever, since the results were reproducible in 2-3 
Northern blots, each representing 10-20 embryos, 
the reported mean values should be regarded as 
highly representative of the expression of this 
gene (Table 3, Figures 1 and 2). Both MnSOD 
mRNA and protein levels were thus increased in 
embryos from diabetic rats and in high glucose 
culture. The increase in MnSOD mRNA and pro- 
tein levels were compatible with the increased 
superoxide dismutase activity in the embryos ex- 
posed to a diabetic environment. Thus, the 
MnSOD protein was significantly increased in 
day-12 embryos of diabetic rats, although in the 
high-glucose cultured embryos the numerical dif- 
ference failed to reach statistical significance 
(0.05 < p < 0.1, Table 3). 

In accordance with the activity data, maternal 
diabetes or high glucose culture had no significant 
effect on the expression of catalase and glutathione 
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FIGURE 1 Northern blot analysis of poly-A* RN A from day-11 
rat embryos cultured In vitro fur 48 h in 10 and 50 mM glucose. 
Hybridization was to rDNAs coding for MnSOD and y-actin. 
Lane 1 : 50 mM glucose - 0.5 mg RNA, Lane 2: 10 mM glucose - 
1 mg RNA, Lane 3: 50 mM glucose - 1 mg RNA, Lane 4: 10 mM 
glucose - 2 mg RNA Lane 5: 50 mM glucose - 2 mg RNA. The 
steady state levels of MnSOD transcripts is elevated in high 
glucose-cultured embryos when normalised with the mRNA 
levels of 7-actin, the latter indicating the total amount of RNA 



peroxidase in the embryos (Table 4). The catalase 
activity level of 70% seen in MD 1 1 embryos corre- 
sponded to a catalase mRNA level of 76% in these 
embryos, however, without statistically signifi- 
cance versus the N 1 1 embryos (Table 4). 



DISCUSSION 

In this study we observed that a diabetic environ- 
ment in vivo and in vitro increases the total superox- 
ide dismutase activity by increasing the expression 
of the MnSOD gene. Since generation of reactive 
oxygen species has been found to enhance the ex- 
pression of MnSOD, 27 this finding supports the 
notion of enhanced oxidative stress in diabetic 
pregnancy. We found also, however, a trend to- 
wards decreased catalase mRNA concentration 
and decreased catalase activity in MD 11 embryos. 
This tentative change may surpass the increase in 
SOD activity, and makes it difficult to predict the 
net effect of a diabetic environment on the total 
activity of radical scavenging enzymes in the em- 
bryo. Since the antioxidative status in the cell is 
dependent on the equilibrium of different anti- 
oxidant compounds, a rise in SOD activity in com- 



Mn SOD 



1 2 3 4 5 

FIGURE 2 Northern blot analysis of poly-A* RNA from day- 12 
rat embryos from normal (N) and diabetic (D) rats. I lybridization 
was to cDNAs coding for MnSOD and y-actin. Lane 1: N - 
1 .25 mg KNA, Lane 2: D - 1 .25 mg RNA Lane 3. D - 1 .25 mg 
RNA Lane 4: N - 2.5 mg RNA Lane 5: D - 2.5 mg RNA. Increased 
MnSOD mRNA concentrations are evident in embryos from 
diabetic rats. 



bination with impaired catalase activity may cause 
an increased steady state concentration of hydro- 
gen peroxide in the embryo, leading to increased 
production of hydroxyl radicals via the Fenton re- 
action. In high-glucose cultured embry os: there was 
ho decrease in catalase activity despite a tentative 
diminution of catalase mRNA. The superoxide dis- 
mutase activity was, however, increased in anal- 
ogy to the MD 11 embryos. 

In previous studies, exogenous supplementa- 
tion of the free oxygen radical scavenging en- 
zymes superoxide dismutase, catalase and 
glutathione peroxidase protected against mal- 
formations in 50 mM glucose culture." Superoxide 
dismutase also repressed the teratogenic effects of 

TABLE 4 Catalase and glutathione peroxidase mRNA 







glutathione 




catalase 


peroxidase 


50 G 


84±39(6) 


ND 


MD11 


76±44(7) 


ND 


MD12 


119 ±42 (6) 


134 ±63 (15) 



mRNA levels of catalase and glutathione peroxidase in em- 
bryos cultured in 50 mM glucose concentration (50 G), and in 
day-11 and day-12embryos of diabetic rats (MD).Data iseither 
expressed as percent of embryos cultured in 10 mM glucose in 
vitro, or day-11 or day-12 embryos from normal rats in vivo 
(mean ± SD), "ND" denotes not determined value. Number of 
observations in parentheses. 
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FIGURE 3 Western blot of protein from day-12 rat embryos 
from normal (N) and diabetic (D) rats. The antibody used was a 
polyclonal rabbit -anti mouse MnSOD and 30 mg protein from 
each homogenized embryo was applied to the wells. Lane 1-3: D 
embryos, lane 4-6: N embryos. Note the slight upregulation of 
MnSOD protein in the D embryos. 



excessive concentrations in vitro of the intermedi- 
ate metabolites, pyruvate, F>hydroxybutyrate, 
and a-ketoisocaproate, all of which are elevated in 
diabetes. 7 It was thus hypothesized that embry- 
onic excess of oxidizable metabolites followed by 
intramitochondrial overload might result in in- 
creased free oxygen radical leakage from the elec- 
tron transport chain.* 

In a recent series of morphological studies, 
high amplitude swelling, reduced number of cris- 
tae and ruptured membranes of mitochondria in 
neural epithelial cells in embryos from diabetic 
rats or exposed to high glucose during culture in 
vitro have been demonstrated. 28 

A transgenic mouse strain containing an in- 
creased gene dosage and activity of CuZnSOD 29 
has recently been shown to be more resistant to 
the teratogenic effects of high glucose concentra- 
tions in vitro, 30 as well as to the negative influence 
of a diabetic intrauterine milieu in vivo/ 1 These 
findings suggest that the embryonic antioxida- 
tive capacity is of prime importance for modula- 
tion of the teratogenic effect of a diabetic 
environment. 

In view of these studies suggesting an involve- 
ment of embryonic free oxygen radicals in the 
teratogenic process, we decided to investigate if 
the embryonic enzymatic antioxidant defence 
would be affected by maternal diabetes at the 
mRNA and /or protein levels. 

The CuZnSOD in the cytoplasm and the mito- 
chondrial MnSOD 32 catalyze the same reaction 
converting the superoxide ion (O 2 ") to hydrogen 
peroxide (H2O2). Glutathione peroxidase and 
catalase metabolize the breakdown of hydrogen 



peroxide to water. MnSOD is the main inducible 
scavenging enzyme, since MnSOD expression in 
adult tissues has been shown to be augmented by 
oxidative stress by hydrogen peroxide and super- 
oxide ion, 33 X-ray irradiation, 27 cytokines, 34 ' 15 and 
phorbol esters. 36 

In experimental animals the CuZnSOD mRNA 
levels correlated well with the enzymatic activity, 
indicating that regulation of the enzyme was ex- 
erted mainly at the transcriptional level. 37 
CuZnSOD mRNA and glutathione peroxidase 
mRNA levels were not linked to oxygen con- 
sumption or oxygen tension in fetal or neonatal 
rats. 38 In neonatal lungs, though, the activities of 
total SOD, catalase and glutathione peroxidase 
were increased after exposure to normobaric 
hyperoxia. 39 

The diabetic state has been shown to affect the 
antioxidant status in several tissues. Diabetic chil- 
dren exhibited lower serum antioxidant activity, 
expressed as lowered capacity to trap peroxyl rad- 
icals. 40 In streptozotocin-diabetic rats, the urinary 
excretion of thiobarbituric acid positive material 
was increased, indicating a high level of oxidative 
stress in these animals. 41 Activities of catalase, 
glutathione reductase and CuZnSOD were ele- 
vated in the pancreas of streptozotocin-induced 
diabetic rats while hepatic enzymatic activities 
were downregulated in the same animals. Inter- 
estingly, 4 weeks of insulin treatment reversed all 
the alterations in enzymatic activities. 42 Dobashi 
and coworkers reported that in hypertrophied 
kidneys from diabetic rats the total CuZnSOD 
content was normal, but CuZnSOD was increased 
in degenerating tubules. MnSOD levels were ele- 
vated in thick ascending limbs of Henle's loops, 
indicating that the cells might adapt to oxidative 
stress. 43 Another possible mechanism of diabetes 
to increase the effect of the oxidative stress was 
suggested by Arai and collaborators who reported 
that glycosylated erythrocyte CuZnSOD has 
lower activity than non-glycosylated enzyme. 44 Of 
interest are also the findings that connective tissue 
stiffening in diabetic patients was shown to be 
related to serum lipid peroxide concentration, 45 
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and that antioxidant treatment of diabetic animals 
can diminish the neurological complications of 
the disease. 46 ' 47 If the embryonic dysmorpho- 
genesis is an analogous process to the induction 
of complications, it follows that antioxidant treat- 
ment should block also the teratogenic effect of 
diabetic pregnancy, and, indeed, there are results 
indicating the validity of such an approach. 45 

Little is known about the antioxidant capacity 
of the developing embryo. El-Hage and co- 
workers first detected scavenging enzyme mRNA 
in gestational day-8 mouse embryos. The in utero 
mRNA concentrations were higher than in adult 
tissue while the specific enzymatic activities in- 
creased with age. 49 It was speculated that the 
mRNAs accumulated in utero and were not trans- 
lated until after birth when the fetus adapts to 
aerobic respiration, at which time the activities of 
the antioxidant enzymes increase consider- 
ably. 49,50 CuZnSOD and MnSOD protein have pre- 
viously been found in day-12 rats embryos, but 
only in cardiomyocytes and later in hepatocytes. 18 
Recent attempts to determine antioxidant capac- 
ity in the offspring have indicated decreased em- 
bryonic a-/tocopherol/MDA ratio in day-11 
embryos of manifestly diabetic rats, the effect of a 
combined decrease in vitamin E levels, and an 
increase of MDA concentration in these 
embryos. 51 

Our data in the present investigation show that 
the CuZnSOD and MnSOD enzymes are ex- 
pressed on gestational day 1 1 and both CuZnSOD, 
MnSOD and catalase are expressed on day 12 with 
increased concentrations of MnSOD transcripts 
when challenged by a diabetic milieu. Moreover, 
there was a good correlation between mRNA, 
protein, and activity levels, suggesting that the 
regulation of these enzymes occurs primarily at 
the pretranslational level. 

The embryos are apparently not able to protect 
themselves against the reactive oxygen species at 
the levels present in our systems, perhaps due to 
the fact that embryos normally are exposed to a 
anaerobic milieu, in line with the findings of El- 
Hage and coworkers. 49 The imbalance in activity 



levels of superoxide dismutase and catalase in the 
embryo observed in the present study could be 
interpreted as an indirect evidence of embryonic 
oxidant stress exerted by abnormal maternal 
metabolism leading to anomalous embryonic 
development. 

In conclusion, this study has shown a diabetes- 
induced increase in MnSOD expression, concom- 
itant with increased total SOD activity, and a 
tentative decrease in catalase expression and ac- 
tivity. These findings support the notion of en- 
hanced oxidative stress in the embryo as an 
etiologic agent in diabetic teratogenesis. 
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ABSTRACT 

Hepatic estrogen receptors (ER) mediate estrogenic effects on mam- 
malian liver metabolism and are thereby involved in the regulation of 
important physiological/pathological processes, mich as coagulation, 
atherosclerosis, and hypertension. The regulation of the formation of 
the ER in primary cultures of rat hepatocytes was studied by assaying 
ER and ER mRNA under different endocrine conditions. The ER 
concentration was measured using two different methods, a ligand- 
binding technique and an ER enzyme immunoassay The results ob- 
tained by the two methods showed good correlation, and linear regres- 
sion analysis gave a correlation coefficient of 0.95. ER concentrations 
fell to low steady state levels within 16 h after establishing the cell 



culture and remained low in the absence of hormonal substitution. 
Upon medium supplementation with pituitary GH and the glucocorti- 
coid daiamethasone (DEX) in combination, the ER concentration 
increased 6-fold from 42 ± 1.0 to 25.8 ± 7.0 fmol/mg cytosolic protein. 
ER mRNA was measured by solution hybridization. Substitution with 
GH and DEX in combination increased ER mRNA to 210 ± 14% of 
control levels, No effect on ER mRNA stability was seen after hormone 
treatment It is concluded that the regulatory effects of GH and DEX 
on the hepatic ER in this in vitro system are very similar to the effects 
of these hormones under in vivo conditions. The inducible expression 
of the ER has never before, to our knowledge, been demonstrated in 
any mammalian liver cell culture system. (Endocrinology 133; 1548- 
1554, 1993) 



ESTROGEN receptors (ER) have been detected in a num- 
ber of tissues from different animal species. The biolog- 
ical effects promoted by the ER-ligand complex vary in 
different target organs. In reproductive tissues, estrogens 
primarily stimulate growth, whereas in the mammalian liver, 
the synthesis of specific proteins, such as angiotensinogen 
(1, 2) apoproteins (3), low density lipoprotein receptors (4, 
5), and coagulation factors (6, 7), is stimulated. 

The receptor concentration is critical for the biological 
response of a hormone. For example, when rat liver ER are 
reduced to 10% of control levels by hypophysectomy (Hx), 
no response to estrogen treatment is seen (8-10). Endocrine 
regulation of the hepatic ER has been extensively studied in 
vivo. Due to the complexity of the in vivo situation, further 
studies require the establishment of a well functioning in 
vitro system. The inducible expression of the rat ER has never 
been demonstrated in any mammalian liver cell culture sys- 
tem. 

It has been virtually impossible to maintain detectable ER 
levels in primary hepatocyte cultures grown on collagen, 
fibronectin, or other standard coating materials, regardless 
of the type of hormonal substitution "(11). After 16 h of 
culture on standard coating materials, the ER level is 10% of 
the initial level, and after 42 h, no estrogen receptors are 
detectable (12). Recent insights concerning the importance 
of cellular adherence to extracellular matrix have led to the 
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development of new techniques to maintain cellular differ- 
entiation in vitro. Hepatocytes cultured on extracellular ma- 
trix prepared from the Engelberth-Holm-Swarm mouse sar- 
coma (13) maintain an adult liver cell phenotype and respond 
to hormone treatment, including GH (14-17). GH in com- 
bination with glucocorticoids has been shown to be the most 
potent inducer of hepatic ER in vivo (18). Therefore, we 
investigated the potential of this primary cell culture system 
for studies on the induction of hepatic ER. 



Materials and Methods 



Animals 



Intact adult female Sprague-Dawley rats (220 ± 20 g) were purchased 
from Eklunds (Stockholm, Sweden). The animals were housed in a 
controlled environment at 20 C on a regular illumination schedule of 12 
h of light and 12 h of darkness each day. Standard pellet food and water 

were provided id libitum. 



Cell culture medium and hormonal substitution 

Cells were cultured in phenol red' containing Williams' medium E 
from Gib co (Grand Island, NY). The medium was supplemented with,' 
penicillin (100 lU/ml), streptomycin (100 ^g/ml), and L-glutamine (1 
™) from Gibco; and sodium sclcrute (0.1 iw), ascorbic acid (0.3 mM), 
and insulin (26 luyiiter) from Sigma (St. Louis, MO). Where indicated, 
dexamethasone (DEX; Decadron), purchased from Merck, Sharp, and 
Dome Research Laboratories (West Point, FA), and/or.human GH (G.en- 
otropin), generously provided by Kabi Pharmacia AB (Stockholm, Swe- ■ 
den), were added to the culture medium in concentrations of 100 riM 
and 500 ng/mL respectively. Where indicated 17j9-estradiol (Sigma) was. 
added to the medium in a concentration of 10 nw. Artinomycin-D 
(Sigma) was used in a concentration of 10 /ig/ml. 
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Preparation of primary hepatocytes 

The livers were perfused m situ through the portal vein with 0.25 
nw. EGTA in Krebs-Ringer solution (flow rate, 32 ml/min). After 300 ml 
. EGTA solution, the liver was perfused with 400 ml culture medium 
containing collagenasc type IV from Sigma (0.2 mg/ml) and supple- 
mented as described above (flow rate, 16 ml/min). After the perfusion, 
the livers were transferred to a bowl with 40 ml culture medium 
containing collagenase (24 jig/ml) and carefully minced with blunt 
forceps. The cells were filtered through a nylon mesh (200 /im) into a 
I round-bottom 50-ml centrifuge tube and centrifuged at 50 x g for 2 
I min. The cells were washed twice with 30 ml and thereafter diluted in 
20 ml culture medium. Cell viability (85-95 %) and recovery were 
estimated in 0.2% trypan blue using a Burlier counting chamber. The 
cells were plated at medium density (70,000 cells/cm^ on plastic 60- 
mm dishes (Costar, Cambridge, MA) precoated with 270 /J Matrigel 
(Serva, Heidelberg, GennanyJ/dish, The culture medium was changed 
after 2 and 16 h, and every 24 h thereafter. Substitution with GH and 
DEX was initiated after 64 h of culture (day 3). Cells were harvested for 
measurement of ER mRNA on day 4 and for ER protein on day 5, after 
having been exposed to hormonal eubstitution for 24 and 48 h, respec- 
tively. Cell viability at the time of harvesting was 98-100%. The cells 
remained fully viable for at least 7 days in culture, at which time the 
initial cell number had been reduced by half. 

Preparation of high speed cytosol and nuclei 

All procedures were performed at 0-4 C. The cells were washed twice 
with PBS (pH 7.8), after which 2 ml PBS were added. The cells were 
then scraped off [for ER enzyme immunoassay (EIA), 10 cell dishes; for 
ligand binding, 50 cell dishes] and centrifuged at 500 x g in a Beckman 
CPR centrifuge (Palo Alto, CA) for 5 min. The supernatant was dis- 
carded, and TE buffer (10 m M Tris and 1.5 mM EDTA, pH 7.4) was 
added. The tubes were kept on ice.for 15-30 min, homogenized in a 
Dounce B homogenizer (30 strokes; Kontes Co., Vineland, NJ), and 
centrifuged in a Beckman JA20 rotor at 1,200 X g for 20 mm. The lipid 
layer was removed, the pellet was saved for nuclei preparation (see 
below), and the supernatant was recentrifuged in a Beckman H70 rotor • 
at 184,000 X g for 65 min. A small portion of the supernatant was 
removed for protein determination according to the method of Lowry et 
al (19). The remainder of the high speed cytosol was transferred to a 
beaker. Pulverized ammonium sulfate was added to 35% saturation, 
and the solution was stirred for 60 min. The precipitate was collected 
after cenrrifugation in a Beckman JS13 rotor at 10,000 X g for 10 min. 

The precipitate wa3 dissolved in TE buffer and used in ligand binding 
and ER EIA analyses. The nuclear pellet saved after the JA20 rotor 
cenrrifugation was rehomogenized using a Dounce B homogenizer and 
recentrifuged in a Beckman JA20 rotor at 5,000 X g for 20 min. The 
pellet was diluted with TE buffer to a volume of 7 ml, of which 6 ml 
were used in a nuclear exchange assay. The remaining 1 ml was 
centrifuged in a Beckman JA20 rotor at 1,200 X g for 15 min,- and 
thereafter washed and recentrifuged three times with 1 ml TE buffer. 
1 The pellet was extracted twice with 0.5 ml 0.4 m KQ in TEM-SH buffer 
(10 DIM Tris-HCL 1.5 mM EDTA, 10 mM sodium molybdate, and 1 mM 
monothioglycerol, pH 7.4). 

Detection of high speed cytosol ER 

The ligand binding assays of high speed cytosol receptors were 
performed in the presence of a wide range of [2,4,6,7- J H]estradiol (New 
England Nuclear, Boston, MA) concentrations (0,4-8 hm) and a 100-fold 
excess of cold diethylstilbestrol (Sigma). After incubation for 16 h at 4 
C, the measurement of specific estrogen binding was performed using 
the dextran-coated charcoal method (20). Radioactivity was determined 
in a liquid scintillation counter. Data were plotted according to the 
method of Scatchard (21). The ER concentration and Kd were calculated 
by linear regression analysis. The ER EIA, an enzyme immunoassay 
purchased from Abbot Laboratories (Chicago, 1L), was performed ac- 
cording to the manual. Data are expressed as the mean ± 1 sem. 



Nuclear exchange assay 

Binding studies of the nuclei were performed using the same [ 3 H] 
estradiol and diethylstilbestrol concentrations as those mentioned above. 
After the 16-h incubation, the nuclei were centrifuged in a Beckman 
GPR centrifuge at 1000 X g for 15 mm. The pellets were washed (1 ml 
TE buffer) and recentrifuged three times, then extracted with 1 ml 
ethanol at 37 C for 30 min, chilled on ice for 15 min, and centrifuged in 
a Beckman GPR centrifuge at 1000 x g for 15 min. The radioactivity of 
the supema tents was monitored in a liquid scintillation counter. Data 
were plotted according to the Scatchard method (21), as described above. 

Solution hybridization analysis of mRNA 

Five petd dishes of cells per group were harvested as described above. 
After cenrrifugation of the cells for 5 min at 500 X g in ice-cold PBS, 
total nucleic acids were prepared by digestion with protcinase-K (0.2 
mg/ml) in 1 X SET [1% sodium dodecyl sulfate, 20 mM Tris-HCl (pH 
7.5), and 10 mM EDTA], followed by subsequent extraction with phenol- 
chloroform, as described by Dumham and Palmiter (22). The DNA 
concentration was measured fluorometdcally. The probe used for ER 
mRNA dtrterminarions was derived from pMORlOl, a SP64 plasmid 
containing the whole open reading frame of the mouse ER (23). Restric- 
tion of this plasmid with BgUl allows the synthesis of a probe corre- 
sponding to nucleotides 1470-2062, which encode the C-terminal half 
of the steroid-binding domain (E) and all of domain F. Levels of ER 
mRNA were analyzed using ["SJUTP-labeled cRNA probes transcribed 
in vitro from a cDNA vector construct according to the method of Melton 
ef al (24), using reagents from Promega Biotech (Madison, WT) and [ H S] 
UTP from Amcrsham (Aylesbury, Buckingharnsnire, United Kingdom), 
[ 35 S]UTP-labeled cRNA was hybridized (20,000 cpm/incubation) at 70 
C to total nucleic add samples, as described previously (25). Incubations 
were performed in hexaplets in microcentrifuge viak in a total volume 
of 40 n\ containing 0.6 m Nad, 20 him Tris-HCl (pH 7.5), 4 dim EDTA, 
0.1% sodium dodecyl sulfate, 10 mM dithiothreitol, and 25% formamide. 
After overnight incubation, each sample was treated for 45 min at 37 C 
in 1 ml. of a solution containing 40 >*g RNase-A, 2 /ig RNase-Tl 
(Bochzinger Mannheim, Mannheim, Germany), and 100 /ig calf thymus 
DNA. Labeled hybrids protected from RNase digestion were precipitated 
by the addition of 100 A 6 m trichloroacetic add and collected on filters 
(GF/C, Whatman, Clifton, NJ). Radioactivity was determined in a liquid 
scintillation counter. Data are presented as the mean ± 1 sem. 

Results 

Cytosolic and nuclear ER were measured in female rat 
hepatocytes cultured on dishes precoated with Matrigel in 
the presence or absence of GH and DEX. ER were analyzed 
using two different techniques, ER EIA and a ligand binding 
assay, followed by Scatchard analysis. The results of the two 
methods showed good correlation, and linear regression gave " 
a correlation coefficient of 0.95 and a slope of 0.94 (Fig. 1). 
ER concentrations, expressed either as femtomoles of ER per 
mg cytosolic protein or femtomoles of ER per fig DNA, 
showed good correlation, linear regression analysis gave a 
correlation coefficient of 0.92. ER synthesis could not be 
stimulated in hepatocytes cultured on collagen type I or 
fibronectin. In these cases, ER levels remained undetectable 
during 5 days of culture regardless of substitution with GH 
and DEX (data not shown). 

Ligand binding assay 

Due to its very low abundance, the concentration of nu- 
clear ER in the control groups could not be estimated using 
the ligand bmding assay. To enable comparison of the effects 
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Fig. 1. Comparison of ligand binding aa3ay and ER EIA for measuring 
ER concentrations in primary cultures of rat hepatocytee. The methods 
showed good correlation, and linear regression gave a correlation coef- 
ficient of 0.95 and a slope of 0.94. 
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Pic. 2. Effects of 'substitution with GH and DBX in combination on 
EH concentrations in primary cultures of female rat hcpatocytes. The 
cells were cultured in insulin-containing medium. Hormonal Bubstitu- 
tion was initiated after 64 b of culture, and the cells were harvested 
after 112 h. Cytosolic (Bl) and nuclear (□) ER concentrations were 
measured using ER EIA or the ligand binding assay, followed by 
Scatchard analysis. The nuclear receptor concentration for the control 
group could not be estimated using the ligand binding assay. Data are 
presented as the mean dk 1 SEM (n = 3). 

of hormonal substitution on total ER concentration, the data 
for the nuclear ER concentrations of the control groups were 
replaced by data from, the ER EIA analysis. Total ER concen- 
trations were 5.0 ± 0.8 fmol/mg in the control groups (n — 
3) and 25.3 ±3.1 fmol/mg cytosolic protein in the GH- and 
DEX : treated groups (n - 3). Thus, a 5.1-fbld induction after 
hormone stimulation was observed (Fig. 2). The Kd of the 
ER-ligand complex for the GH- plus DEX-treated groups was 
1.75 ± 0.9 nM for the cytosolic receptor and 1.94 ± 0.8 nM 
for the nuclear receptor. The nuclear fraction averaged 61% 
of the total receptor pool in the GH- plus DEX-treated groups. 
The ER concentrations of the nuclear fractions in the control 
groups could not be estimated using the ligand-binding 
technique. 

EREIA 

The results of the comparative measurements of ER con- 
centrations using the ER EIA are presented in Fig. 2. The 



total ER concentrations were 4.2 ±1.0 fmol/mg cytosolic 
protein in the control groups (n = 3) and 25.8 ± 7.0 fmol/ 
mg in the GH- plus DEX-treated groups (n = 3). Thus, 
substitution with GH and DEX increased the ER concentra- 
tion by a factor of 6.1. The nuclear ER population averaged 
56% of the total ER levels in the control groups and 50% in 
the GH plus DEX groups. ER levels were more than doubled 
after substitution with GH alone, but were reduced by half 
(P = NS) after treatment with DEX alone (Fig. 3). Substitution 
with estradiol did not affect ER levels. The ER remained 
equally divided between the two intracellular compartments 
regardless of type of hormonal substitution. 

ER mRNA 

ER mRNA concentrations, measured as counts per min/ 
pgDNA, were increased to 210 ± 14% (n = 10) of the control 
levels after substitution with GH and DEX in combination. 
Substitution with GH or DEX alone did not affect ER mRNA 
levels. Substitution with estradiol caused a 47% (P - NS) 
increase in ER mRNA levels (Fig. 3). 

Time studies of ER and ER mRNA concentrations 

A time study showed a rapid and substantial decrease in 
ER levels. Receptor concentrations fell to low control steady 
state levels within 16 h after establishing the culture and 
remained low until a combination of GH and DEX was added 
to the medium (Hg. 4). Immediately after perfusion, 90-95% 
of all ER were recovered in the cytosolic fraction. After 2 h 
of culture, 95% of the ER were recovered in the nuclear 
fraction. After 16 h, ER were evenly divided between the 
two compartments and remained so throughout the experi- 
ment. 

A time study of the increase in ER mRNA (Fig. 5) was 
performed as follows. Culture medium was changed at 62 h. 
GH and DEX substitution was initiated at 64 h, and the cells 
were harvested at different time points. Maximal ER mRNA 
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Fig. 3- Effects of substitution wrthGH, DBX, or a combination of GH 
and DEX or estradiol (E2) on ER and ER mRNA levels in primary 
cultures Of female rat Jiepatocytes- The cells were cultured in insulin- 
containing medium- Hormonal substitution was initiated after €4 h. of 
culture, and the cells were harvested after 112 h. Total ER concentra- 
tions (□) were measured as femtomoleB per mg cytosolic protein using 
ER EIA. ER mRNA levels (0) wore measured as counts pcr 'min/^g 
DNA using solution hybridization. Data are presented as the mean i 
13fiM(n = 3). 
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Fig. 4. Time study of ER concentrations in primary cultures of female 
fat hepatocytes. The cells were cultured in insulin-containing medium.. 
G-H and DEX substitution in combination (■) or no hormonal treat- 
ment (O) was initiated at 64 h. ER were measured an femtomoles per 
mg cytosolic protein using ER EIA. Data axe presented as the mean ± 
1 sem (n = 3). 
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Pig. 5. Time study of ER mRNA concentrations in primary cultures 
of female rat hepatocytes. The hepatocytes were cultured in insulin- 
containing medium. The cells received no hormonal substitution (D) 
or GH and DEX in combination (■) after 64 h of culture (0 h). ER 
mRNA IevelB were measured as countB per min/^ig DNA using solution 
hybridization. Data are presented as the mean ± 1 sem (n = 3). 

levels were reached 24 h after the initiation of hormonal 
substitution and remained steady for at least another 24 h. 

Effects of phenol red dye 

The potential estrogenic effects of phenol red dye in the 
culture medium were evaluated by the use of phenoWree 
Williams' medium E from Gibco. This did not affect the 
cellular response to GH and DEX with respect to ER regula : 
tion, ER mRNA regulation, or intracellular localization of the 
ER (Fig. 6). 

mRNA stability 

To address the question of whether the increase in ER 
mRNA observed after substitution with GH and DEX was 
caused by an altered ER mRNA stability, cells were cultured 
with actinomycin-D in the presence or absence of hormones. 
One group received actinomycin-D at 88 h of culture. The • 
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?IC. G. Effects of phenol red on the concentration and intracellular 
localization of ER in primary female rat hepatocytes. The hepatocytes 
were cultured in inaulin-containrng medium in the presence or absence 
of phenol red. Substitution with GH and DEX (D) was initiated at 64 
h of culture, and tho cells were harvested at 112 h. Cytosolic (H) and 
nuclear (□) ER concentrations were measured using ER EIA. ER 
mRNA levels (ED were measured as counts per min/^g DNA using 
solution hybridization. Data are presented as the mean ± 1 Sem (n = 
3). 
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Fig. 7. Effects of GH and DEX substitution on ER mRNA stability 
in primary cultures of rat hepatocytes. The hepatocytes were cultured 
in insulin-containing medium. The cells received actinomycin-D at 88 
h (D); GH. DEX, and actinomydn-D at 88 h (X); GH and'DEX at 64 
h and actinomycin-D at 88 h (■); no hormonal substitution (O); or GH 
and DEX at 64 h (•). ER mRNA concentrations were measured aa 
counts per min//ig DNA using solution hybridization (n - 3). 

second group received actinomycin-D plus GH and DEX at 
88 h of culture. The third group received GH and DEX at 64 
h, then actinomydn-D was added at 88 h of culture. Group 
4 received no hormonal substitution and group 5 received 
GH plus DEX at 64 h of culture. ER mRNA stability was not 
affected by substitution with GH and DEX (Fig. 7). 
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Hepotocyte culture: loss of differentiation 

Primary cultures of hepatocytes are vitiated by loss of 
differentiation after liver tissue disaggregation in the rat (26) 
and other species (27). The synthesis of liver-specific pro- 
teins, such as albumin, is decreased, and the expression of 
cytoskeletbn components is increased (28, 29). The use of 
cell dishes coated with individual components of extracellular 
matrix, such as collagen, fibronectin, or laminin, does not 
preserve differentiated hepatocyte functions, although lami- 
nin seems to be more supportive of normal function than the 
others (30). Type I collagen in hydrated gel form may tem- 
porarily delay loss of differentiation (29, 31). The effect of 
type 1 collagen is improved by growing the hepatocytes 
between two layers (32). Hepatocytes cultured in thin liver 
slices retain tissue-specific transcription in simple culture 
medium (33). These observations suggest that organ archi- 
tecture is important for liver function. The best results, how- 
ever, have been achieved by using an extracellular matrix 
derived from the Engelberth-Holm-Swarm sarcoma, called 
Matrigel. Cells cultured on Matrigel maintain a cuboidal 
shape and aggregate in dusters (34). Many liver functions, 
such as the synthesis of albumin, transferrin, haptoglobin, 
and hemopexin, are completely or partly preserved, whereas 
cell proliferation is suppressed. The massive induction of 
actin and tubulin and the appearance of ^-fetoprotein ob- 
served in cultures on single matrix components are sup- 
pressed by Matrigel (29,' 34). We found that ER synthesis 
could not be stimulated by GH and DEX in hepatocytes 
cultured on collagen type I or fibronectin, whereas Matrigel 
served as an excellent medium in this respect. 

Comparison of the ER EI A and Ugand binding assays 

The comparative study of the measurement of ER concen- 
trations in 1665 human breast cancer cytosols in 9 laborato- 
ries suggests that the ER EIA is an excellent alternative to the 
Jjgand-binding technique followed by. Scatchard plot analysis 
(35). The ER EIA also functions well in measuring the ER 
concentrations in primary cultures of rat hepatocytes. The 
ER EIA detects ER at very low levels. Compared with "the 
ligand binding assay, the ER EIA reduces the number of 
required cell dishes per experiment by a factor of 5. The ER 
EIA measures the receptor by recognition of a specific protein 
epitope and does not establish whether the receptor is ca- 
pable of ligand binding. By recognizing, partly degraded 
receptors, the ER EIA might give results with slightly higher 
ER concentrations than the ligand binding assay. The 2 
methods were compared in order to confirm whether the ER 
concentration value obtained by ER EIA was in agreement 
with the concentration of specific estrogen-binding sites as- 
sayed by ligand binding. The results showed good correlation 
between the 2 methods, and linear regression gave a corre- 
lation coefficient of 0.95 and a slope of 0.94. The ligand 
binding assay is not very accurate when measuring low ER 
concentrations. The use of the ligand binding assay requires 
large numbers of cells, which makes the method impractical. 
Even when using 50 cell dishes/group, the ER concentrations 



of the nuclear fractions in the control groups were too low 
to allow estimation of a value using the ligand binding assay. 
Because of these practical considerations and the high con- 
cordance between the 2 methods, we conclude that the ER 
EIA is the preferable method of ER analysis in this cell 
system. 

Endocrine regulation ofhepalic ER in vivo 

The hepatic ER is mainly regulated by GH and thyroid 
hormones (18, 36), as opposed to the uterine ER, which is 
mainly regulated by estrogens and progestins (37, 38). He- 
patic ER levels are not affected by endogenous serum estra- 
diol fluctuations (39). Hx drastically reduces the hepatic ER 
to 15% of control levels, but barely affects the uterine ER 
concentration. Continuous infusion of GH to hypophysec- 
tomized (Hx) female rats triples hepatic ER concentrations, 
whereas daily injections of the same doses of GH have no 
effect (40). This indicates that not only the hormone, but also 
the female-type secretion pattern, are important in ER regu- 
lation. This has also been shown for other types of female 
hepatic metabolism, for example in the regulation of cyto- 
chrome P450 (41) and alcohol dehydrogenase (42). Substi- 
tution with GH and DEX in combination further increases 
ER concentrations to around 50% of the original ER levels, 
but substitution with glucocorticoids alone does not increase 
receptor concentrations (18). The actions of DEX seem to be 
permissive and not direct. The effects of DEX on GH action 
may partly be due to the increase in rat hepatic GH receptors 
observed after DEX treatment in vivo and in vitro (43). 

The results of these in vitro experiments are very encour- 
aging, because the effects of hormonal substitution are sim- 
ilar to those observed in vivo. Addition of GH and DEX to 
the serum-free medium caused a 6-fold induction of ER 
levels in the hepatocytes. This is of the same magnitude as 
the 5-fold increase observed after GH and DEX substitution 
in vivo (18). The effects on ER levels after treatment with 
either GH or DEX in vitro are similar to those observed after 
substitution of Hx animals with the same hormones (18). 
The effects of either DEX or the combination of DEX and 
GH on ER mRNA levels were similar to the in vivo situation. 
Substitution with GH, however, doubled the levels of hepatic 
ER mRNA in Hx animals (44). This effect was not observed 
in the primary culture system, in which ER mRNA levels 
basically remained unchanged after GH treatment. The ef- 
fects of estradiol treatment in vitro were identical to in vivo 
results obtained in our laboratory (data not shown). 

Receptor localization 

Immediately after perfusion, 90-95% of all ER were re- 
covered in the cytosolic fraction. This is equal to the per- 
centage observed after the use of standard homogenization 
procedures on whole livers in vivo (45). After 2 h of culture, 
95% of the ER were located in the nuclear fraction. After 16 
h of culture, the ER were equally divided between the two 
compartments and remained so throughout the experiment. 
The use of phenol-frec medium did not affect the intracel- 
lular localization of ER. This indicates that the nuclear trans- 



=-PAGE 618 * RCVD AT 5/1 6/20078:20 : 58 AM [Pacific Standard Time] * SVR:SVCS01/1 * DNIS:6034 " CSID:613 990 9719 * DURATION (mm-ss):04-5: 



05/16/2007 WED 11:31 pax 613 990 9719 CiSTl 



0007/008 



REGULATION OP EXPRESSION OF HEPATIC ER 



1553 



location of unoccupied ER in this cell system was not due to 
any possible estrogenic effects of phenol red dye (46-49). 
We cannot explain this interesting phenomenon. 

Conclusion 

.GH is a major stimulator of ER synthesis, and DEX has an 
important permissive effect on its action. This is clearly 
displayed by the effects on ER and ER mRNA. Receptor 
levels were increased 6-fold, whereas mRNA levels were 
increased by a factor of 2 after treatment with GH and DEX 
in combination. This indicates that posttranscriptional proc- 
esses are involved. No effect on ER mRNA stability was 
observed after treatment with GH and DEX in combination. 
This suggests that the increase in ER mRNA levels observed 
after hormonal substitution was due to increased transcrip- 
tion. However, other mechanisms, such as alteration of nu- 
clear RNA splicing or RNA transport to the cytoplasm, might 
be the regulated steps as well. Primary culture on Matrigel is 
an excellent model system for studies of the endocrine reg- 
ulation of hepatic ER. The effects of hormonal substitution 
in vitro closely resemble those observed in vivo. The system 
might also be suitable for studies of the effects of estrogens 
on hepatic metabolism. 
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Cyclin Dl overexpresston is believed to 
be essential in the pathogenesis of mantle 
cell lymphoma (MCL). Hence, the exis- 
tence of cyclin D1 -negative MCL has been 
controversial and difficult to substanti- 
ate. Our previous gene expression profil- 
ing study Identified several cases that 
lacked cyclin D1 expression, but had a 
gene expression signature typical of MCL. 
Herein, we report the clinical, pathologic, 
. and genetic features of 6 cases of cyclin 
D1-negative MCL. All 6 cases exhibited 

Introduction 



the characteristic morphologic features 
and the unique gene expression signa- 
ture of MCL but lacked the t(11;14)(q13; 
q32) by fluorescence in situ hybridization 
(FISH) analysis. The tumor cells also failed 
to express cyclin Dl protein, but Instead 
expressed either cyclin D2 (2 cases) or 
cyclin D3 (4 cases). There was good corre- 
lation between cyclin D protein expres- 
sion and the corresponding mRNA expres- 
sion levels by gene expression analysis. 
Using interphase FISH, we did not detect 



chromosomal translocations or amplifica- 
tions involving CCND2 and CCND3 toci in 
these cases. Patients with cyclin Dl-nega- 
tJveMCL were similar clinically to those with 
cyclin D1 -positive MCL In conclusion, cases 
of cyclin D1-negatlve MCL do exist and are 
part of the spectrum Of MCL Up-regiHarJon 
of cyclin D2 or D3 may substitute for cyclin 
D1 in the pathogenesis of MCL (Blood. 
2005;106:4315-4321) 

O 2005 by The American Society of Hematology 



Mantle cell lymphoma (MCL) is now recognized as an aggressive 
B-ccll lymphoma with various growth pailcms (mantle zone, nodular, or 
diffuse) and a broad range of cytologic features.'- 5 Most cases of MCL 
exhibit a characteristic prototype (CD20 1 , CD5*, CD43 + , CD3", 
CD10", CD23") and have die t{l I;14)(ql3:q32) with overexpression of 
the cyclin Dl (CCND1) gene on dnttmosome llql3> 1 Cyclin Dl. a 
D-type cyclin thai is not expressed in normal B lymphocytes, plays a 
key role in cell cycle regulation during the G, to S phase transition by 
binding to cyclin-dependent kinase 4 (CDK4) and CDK6, resulting in 
phosphorylation and inactivation of the retinoblastoma protein (RB). 8 " 10 
The current World Health Organization guidelines for the diagnosis of 
MCL rely on morphologic examination and immunophetiolyping, with 
demonstration of cyclin Dl protein overjxpression and/or the t(ll; 
14)(ql3;q32) forconfinnation." 

The exigence of cyclin Dl-negative MCL has been controversial 
and difficult to substantiate since cyclin Dl overexpression is believed to 
he essential in the pathogenesis of MCL. Most reported cases of cyclin 
Dl -negative MCL have been attributed 10 subojuimal inimunostaining, 



inadequale genetic or molecular analyses, or misdiagnosis. Neverthe- 
less, in a recent study of 99 lymphomas that were morphologically 
consistent with MCL, wc identified a small group of cases that lacked 
Cyclin Dl niRNA expression by both quantitative reverse transcriptase- 
polymerase chain reaction (RT-PCR) and Lymphochip cDNA microar- 
ray analyses. 11 However, these cases had the characteristic MCL gene 
expression signature by cDNA microarray analysis and, therefore, were 
considered to be cases of cyclin Dl-ncgalive MCI- We have further 
refined the algorithm for diagnosing MCL using gene expression 
profiling and, herein, wc report (he clinical, pathologic, and genetic 
feanires of 6 cases of cyclin D 1 -negative MCL 



Patients, materials, and methods 

Case selection 

The lymph node biopsies from A patients withuut a previous history of 
malignancy are included in this study. All 6 cases were reviewed by a panel 
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of expert hcmatopatholugists to confirm the diagnosis. Two of these cases 
were identified in our previous report. 12 This Study was approved by the 
institutional review board at the University of Nebraska Medical Center. 
Informed consent was provided according to the Declaration of Helsinki. 

Quantitative reverse transcriptase-polymerase chain 
reaction (RT-PCR) 

To measure cyclin Dl mRNA expression, 2.5-ng aliquots of mRNA were 
analy7.ed by quantitative RT-PCR using TaqMan reagents arid a thermal 
cycler (Applied Biosysiems. Foster City, CA).' 5 The samples were ron in 
triplicate and the (^-microglobulin transcript was used as a reference 
Primers and probe* for p^-microglobulin and the coding region of cyclin 
Dl have been previously described.' 3 

Microarray gene expression profiling 

Lymphocllip cDNA microarrays containing 1 2 196 cDNA elements 14 were 
used to profile mRNA expression in the lymphoma samples. A set of MCL 
signature genes that can be used to distinguish MCL from other lymphoma 
subtypes has been described previously. 12 These cases were further 
analyzed for gene expression using Affymetrix Human U133 A/B raicroar- 
rays (Asymetrix, Santa Clara, CA). The gene expression profiles of these 
cases were compared with those Of Other B-CCll non-Hodgkin lymphomas, 
including the various subtypes of diffuse large B-cel! lymphoma, follicular 
lymphoma, chronic lymphocytic leuKemia/small lymphucylic lymphoma, 
cxtranodal marginal zone lymphoma, mucosa-associated lymphoid tissue 
(MALT) type, and splenic marginal zone lymphoma. The distributions of 
the Bayesiaa predictor for each category were used to estimate the 
probability that any particular case belonged to that catcgoiy by applying 
Bayes rule, 12 '" Specifically, for each lymphoma category wc generated a 
Bayesian predictor between that category and cyclin DJ-pnsirive MCL 
samples, based on the 50 genes with die largest t-Statistics between them. 
Only those cases for which all pair-wise predictors agreed that there .was a 
more than 90% estimated probability Of the case being MCL were 
considered lu be eyclin Dl-negativc MCL samples. This set of models was 
applied to our data set in a leave-one-out, cross- validated fashion so that the 
models tested on given case were based on a data set dial excluded that 
case. Cases for which there was a less than 90% likelihood of being in any 
category were termed unclassified. 

Histologic and Immunologic studies 

The lymph node specimens were fixed in 10% neutral buffered formalin and 
embedded in paraffin, and 4-u.m sections were cut and stained with 
hematoxylin and eosin (H&E) for histologic evaluation. ImmunohisloChemi- 
cal stains fur cyclin Dl protein were performed un formalin-fixed, 
paraffin-embedded tissue sections. Briefly, after depuruffinization in xylene 
and rehydration in graded alcohols, endogenous peroxidase was blocked 
with hydrogen peroxide. Heat-induced antigen retrieval was performed 
using citrate buffer, pH 6.O.' 6 After rinsing in phosphate-buffered saline, 



Table 1. Antibodies and methods for immunohlstochemlcal stains 
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mouse anti -cyclin 1)1 antibody was applied at a dilution of 1:200, The 
rubbii monoclonal antibody SP4 against cyclin Dl (Neomarkers, Fremont, 
CA) was also used, using the suggested procedure for antigen retrieval with 
minor modification (Table l)- 17 Antibodies, against CD3, CDS, CO20. 
CD23, CD43, cyclin D2, cytlin D3. cyclin K, RB. and p27 li i' 1 were alsu 
used for immuiiollisiochcmical slain* (Table 1). These stains were per- 
formed on a Venlanu ES automated immunustainer (Veutana Biorok, 
Tucson. AZ1 with a strepiuvidiii-biotin peroxidase detection system. 
Posilivily for the cyclins, RB nnd p27 li '" was defined as a strong nuclear 
Staining in more than 50% of the neoplastic cells. 

Fluorescence In situ hybridization (FISH) analysis 

Interphase FISH analysis was performed on cells left over from prior 
cytogenetic analyses or on formalin-fixed, paraffin-embedded tissue sec- 
tions. For detection of the i(l I;14)(ql3;q32), s commercially available LSI 
IGH/CCND1 double-color, double-fusion probe was used (Vysis. Duwners 
Grove, II.). f or break-apart FISH assays for the CCNDI (liql3), CCND2 
(12pl3). and CDKNlB/p27KWl (I2pl3) loci, appropriate bacterial artifi- 
cial chromosome (BAC) clones flanking the respective genes were selected 
using bioinformalic resources available at the University of California ,ir 
Santa Cruz (littp;//gcnome.ucsc.edu). All BAC clones were derived from 
the R.PCI1 1 library and were obtained from Invitrogcr/Rescarch Genetics 
(Carlsbad, CA) or ihe Sanger Center (Hinxton. Uiu'ted Kingdom). The 
following clones were used: CCNDI (pooled RP11-211G23/RP1I-378E8 
and pooled RPll-30010/ftPI 1-626H12), CCND2 (RPH-578LI3 and RP11- 
3SBF6), and CI>KS1B/ P 27K1PI (R Pll -1 H0M 1 5 and RP 1 1 -59H 1 ). For each 
locus, centromeric and telomeric BAC clones were differentially labeled 
with Spectrum Orange or Spectrum Green (Vysis) and pooled for break- 
apart assays. Bacterial culture, BAC UNA isolation and labeling, probe 
preparation, and FISH on cytogenetic suspensions were performed as 
previously described. 1819 The CCND3 locus was investigated using a 
recently described break-apart assay. 20 Locus-specific interphase FISH was 
performed on paraffin-embedded tissue sections according to the manufac- 
turer's instructions (Vysis) or recendy described protocols 21 with minor 
modifications. Whenever possible, at least 100 cells were analyzed. 

INK4a/ARF locus deletion analysis 

To detect genomic loss of ltfK4a/ARF tumor suppressor locus in die 
specimens, we performed quantitative real-lime PCR assays using genomic 
DNA as previously described. 12 The REL locus on chromosome 2p was 

chosen as the reference gene, and a cutoff ratio of INK4MRF locus copy 
number relative to /Ms/. Incus copy number was used to assess tumor DNA 
for genomic deletions. Aramor DNAsample that yielded aalNK4a/ARF-ta- 
REL ratio below the cutoff ratio was considered to have a genomic deletion 
of die lNK4a/ARF locus. The primers and probe sets for the INK4a/ARF 
and the REL loci have been described previously. 22 ' 23 
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A indicates 10 mM cilrele buffer. pH 6.0, 30 minutes, water bath (85*C); B. proleaso I cn/ymalic digeslion, 0 minutes: C. 1 mM EDTA (ciriylcnefliaminelelraacellc acid, pH 
B.0). 30 minutes, water bath (95°C); D, 1 mM EDTA, pH a.0. 60 minutes, water balh (95*C); and E. to mM dtrale buffer. pH G.O. 10 minutes, pressure cooker (1 1S"C). 
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Statistical analysis 

The clinical characteristics "of the cyclin DI-negative and cyclin Dl- 
pnsitivc cases were Compared using Fisher exact test. Overall survival was 
calculated as the time from iniliul diagnosis tn the date of death or last 
follow-up, and those alive at last follow-up were treated as censored. The 
Kaplan-Meier method was used to estimate the overall survival distribu- 
tions of the 2 groups, and die log-rank lest was used to compare the 
distributions. 



Results 

Case selection 

In our previous Study. 12 we identified 7 cyclin Dl-ncgHtivc case."! 
by quitrtlitnlivc RT-PCR and cDNA microarray analysis among 99 
cases of lymphoma with MCL morphology. Subsequent Studies 
revealed that I of these 7 cases had the characteristic 1(1 l;14)(ql3; 
q32) by FISH analysis and expressed cyclin Di protein by 
immunohistocheraical staining (data not shown). Thus, this case 
was thought to be a false-negative case and was reclassified as a 
cyclin Dl-positivc MCL. During the interim, we performed 
additional gene expression profiling analysis using Affyineirix 
U133A/B microarrays and refined the algorithm for diagnosing 
MCL. Using the refined algorithm, 4 of the other 6 original cases 
were regarded as unclassifiable B-cell lymphomas and, thus, were 
excluded from the current study. Recently, we identified 4 addi- 
tional cases of MCL that were negative for cyclin DI by both 
irruniinohistochcmistry and quantitative RT-PCR analysis. All 6 
cases in the current study (2 from the previous study and 4 newly 
identified) exhibited the characteristic gene expression signature of 
MCL, which is distinct from the other common types of B-cell 
nOn-Hodgkin lymphoma including the various subtypes of diffuse 
large B-cell lymphoma, follicular lymphoma, small lymphocytic 
lymphoma/chronic lymphocytic leukemia, extmnodal marginal 
zone lymphoma, MALT type, and splenic marginal zone lym- 
phoma (Figure 1 and Table SJ, which is available on the Blvod 
website; see the Supplemental Materials link at the top of the orjlinc 
article). By applying Bayesian analysis, all 6 cases were predicted 
as MCL in all pair-wise models with 99.99% confidence. On the 
other hand, none of the cases from the other categories were predicted as 
MCL with more then 20% confidence in their respective cross- 
validated, pair-wise comparisons. Therefore, these 6 cases arc consid- 
ered to be bona fide cases of cyclin Dl-negalivc MCL. 

Histologic and immunologic features 

All 6 cases exhibited a nodular or diffuse growth pattern and 
consisted of tumor cells with typical mantle cell cytology (Tabic 2, 
Figure 2A. and Figure SI). Immunophenotypic analysis of die 
tumor cells demonstrated a B-cell phenotype in all cases. Expres- 
sion of CD5 antigen was noted in all 6 cases. The tumor cells in 1 of 
the 6 cases were weakly positive for CD23 antigen. Expression of 
CD43 antigen was noted in 5 of the 6 cases (Tabic 2). 

Detection of cell cycle regulatory proteins 

Immunostains for cyclin DI and p27 ti <" were performed on all 6 
cases, and stains for cyclins D2. D3, E, and RB were performed on 
5 cases with available formalin-fixed, paraffin-embedded tissue 
(Table 2). All 6 cases were negative for cyclin DI by using the 
mouse monoclonal antibody DCS-6 (Figure 2B). Four of the 6 
cases were also studied using the newly available rabbit monoclo- 
nal antibody SP4, and all 4 cases were negative for cyclin DI (data 
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Figure 1. Expression profiles of mantle cell lymphoma (MCL) signature genes 
In 6 caaea of cyelln Dl-negativo MCL using Affymetrti U133 A/B arrays. These 
expression profiles are compared wiltl 22 cases or cyclin D1-posittve MCL 7B cases 
ot acavaled B-cslHIke (ABC), 65 cases ol germinal center 8-cen-Cke (GCB). and 33 
casos of primaiy mediastinal (PMBL) variants of diffuse large B<cll lymphoma. 193 
cases of (ofllcutar lymphoma (FL), 1 4 cases of exlnsnodal marginal zone lymphoma, 
MALT type (MALT), 6 CaSCs Ol splenic marginal zona lymphoma (SMZL), and 14 
cases of small lymphocytic lymphoma (SLL) (median expression levels of the MCL 
signature genas In these enrllles are Shown). In lhe '6 cases ot cyclin Dl-nagauve 
MCL each column rapresenlsaslngle lymphoma spccimon and each row represents 
the level of Expression of e single gene In the MCL signature. Red squares indicate 
Increased expression and green squares Indicate decreased expression relative to 
the median expression level, according to the color scare shown over a 4-fold range. 
In Ihs bottom panel, the gene expression levels ot the D-type cyclina in the various 
Bnlilias and the 6 caaes of cyclin Ol-negsllve MCL arc shown according to the color 
scale over a 16-fokJ range. For mlcroanBy data of all eases, refer lo Table SI. 



not shown). Two cases (cases 1 and 2) demonstrated overexpres- 
sion of cyclin D2 by immunosUurring (Figure 2C), which correlated 
well with the increased eyebn D2 mRNA levels detected by 
microarray analysis (Figure 1 , lower panel). Both of these cases 
were negative for cyclin D3. Three cases (cases 3-5) exhibited 
overexpression of cyclin D3 by immunostaining (Figure 2D), 
which correlated well with the increased cyclin D3 mRNA levels 
delected by microarray analysis (Figure ], lower panel), and these 
cases were negative for cyclin D2. Case 6 also showed up- 
regulation of cyclin D3 mRNA by microarray analysis (Figure 1, 
lower panel), but the tissue block from this case was not available 
for immunostains. 

All of the cases studied were negative for cyclin E, but showed 
positive immunostaining for RB (Table 2). The expression levels of 
RB protein were similar in all of the cases and were comparable 
with that seen in cases of Cyclin Dl-positivc MCL (data not 
shown). Down-regulation of p27 ki ' >1 protein expression was ob- 
served in all 6 cases with the intensity of nuclear staining much 
weaker than that seen in reactive T lymphocytes (Table 2). 

Genetic features 

FISH analysis for the t(ll;14)(ql3;q32) was performed on all 6 
cases and none displayed the 1GH/CCNDI fusion. FISH studies 
with a locus-specific probe were also negative for variant transloca- 
tions or amplifications involving the CCND1 locus at band llql3 
in all of the 6 cases (Tabic 2). Conventional cytogenetic analysis 
was also performed on case 6 and did not reveal a chromosomal 
alteration affecting band Ilql3. FISH analysis using break-apart 
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Table 2. Pathologic and genetic features of 6 patients with cyclln D1 -negative MCL 
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Case no. 1 


caw no. 2 


Catena- 3 


Case no. 4 


essence 


Case no. 1 


Pathologic feature* 














Growth pattern 


Nodular 


Diffuse 


Nodular 


Diffuse 


Nodular- 


Nodular 


cytology 
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Typical 
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Genetic features 
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11 ql3 (cyclln D1) 


Normal* 


Normal 


Normal 


Normal 


Normal 


Normal 


12p13(cycfinD2) 


Normal 


Normal 


Normal 


Normal 


Normal 


Normal 


Gp21 (cydin D3) 


Normal 


Normal 


Normal 


Normal 


Normal 


Normal 


i2p\a tpzr&j •, 


' ' ■' Normal 


Normal ' ■ • ■ • 


Normal 


Normal ' 


. Normal 


, Normal 



+ indicaiss positive: -, negative; + (w), weakly positive; andNA, not available. 
"Normal indicates no split or amplification. 



probes for the CCND2 (12pI3), CCND3 (6p21), and CDKNlB/ 
p27KIPl (12pl3) loci did not reveal any evidence or chromo- 
somal translocation or amplification in these cases (Tabic 2). Wc 
also used a quantitative PCR assay to evaluate the genomic loss of 
one or both alleles of the INK4a/ARF locus, which encodes the 
tumor suppressor proteins plo™"* 1 and pW^. No INK4a/ARF 
locus deletions were detected in any of the 6 cases of cyclin 
Dl-negative MCL. 

Clinical features 

The clinical features of the 6 patients are summarized in Table 3. 
The patients consisted of 5 males and 1 female, with a median age 
of 61 years (range, 54-77 years): All patients presented with stage 
IV disease. Lymphadcnopathy was the most common presentation 




Figure 2. Cytologic features and expression Of D-type cyclin* In cyclln 
Dl-negative MCL (A) Typical MCLoytOlogy (ease 1) (hematoxylin and eoatn stain; 
original magnification, X 50O); (B) cyclln Dl protein, showing only a rare nontumor 
cell with nuclear slalnlng (case 1); (C) cyclin D2 protein, showing slrong nuclear 
staining ol the tumor cells (case 2); (D) cyclin 03 protein, showing strong nuclear 
staining of the tumor celts (case A). Panels B-D are immunoperoxidaso stains; 
original magnification. X 400. Figure S1 provides high-powor photos of cylomorphol' 
ogy ol othor 5 cosos, 



and extranodal sites were involved by lymphoma in all 6 patients. 
Five patients received combination chemotherapy initially, but 
none of these patients achieved a complete clinical response. One 
patient (case 1) was not treated initially and developed gastrointes- 
tinal involvement 26 months after the initial diagnosis. At the time 
of last follow-up, one of the patients had died and the other 5 were 
alive with disease. 

Ninety-three cases (92 cases in the original study plus the 
false-negative case) of cyclin Dl-positivc MCL 12 were used for 
comparison. The median follow-up for these patients was 26 
months (range, 7-166 months). The clinical features including age 
and sex distribution, stage, presence or B symptoms, serum lactate 
dehydrogenase (LDH) levels, extranodal sites, Internationa) Prog- 
nostic Index (IPI) scores, types of treatment, and clinical responses 
were similar between the CyClid Dl-positive and cyclin Dl- 
negative groups (data not shown). At the time of last follow-up, 65 
of 93 patients with cyclin Dl-positivc MCL had died, with a 
median overall Survival of 3) months. No significant difference in 
overall survival between the cyclin Dl-positive and cyclin Dl- 
negative groups was identified. 



Discussion 

In the current study, we have confirmed and extended our previous 
findings in which we identified a new variant of MCL, which we 
designated cyclin Dl-negative MCL. 12 All 6 cases in this study 
were negative for cyclin Dl raRNA expression hy both quantitative 
BT-PCR and gene expression analysis. These cases also lacked the 
characteristic IGH/CCND) fusion by FISH analysis and were 
negative for cyclin Dl protein expression by immunostains. 
Nevertheless, all of the cases exhibited the characteristic pathologic 
features of MCL and, more importantly, shared the characteristic 
MCL gene expression profile by microarray analysis. Therefore, 
these cases are regarded as bona fide cases of cyclin Dl-negative 
MCI- Tlie existence of such cases sheds new light on the 
pathobiology of MCL and challenges the idea that cyclin Dl 
overexprcssion is essential in the pathogenesis of MCL. We have 
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Table 3. Clinical features of 6 patients 


with cyclin D1 -negative MCL 
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Initial therapy 
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R-CHOP 
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COP 
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COP 


Response 
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'88, '.' 
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AWD 


AWQ 
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AWD 


AWD 
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All patients were al Ann Arbor stage IV. 

LDH indicates lactate dehydrogenase: IPI, Intemellonal Prognostic Indox; BM, bone marrow: PB. peripheral blood; Gl, gastrointestinal trad; R. Riluxan; CHOP, 
Cyclophosphamide, doxorubicin, vincristine, and prednisone; COP, cyclophosphamide, vincristine, and prednisone; NA, nonapptlcable; PR, partial response; AWD, alive with 
fll$ease; and DOD. dead of disease. 



also demonstrated thai patients with cyclin Dl-negative MCL have 
clinical and pathologic features similar to those with cyclin 
Dl-posirivc MCL. lit particular, tumors in both groups had the 
similar growth patterns and common cytologic and jirummohisto- 
chemical features. Similar age and sex distribution, stage, serum 
LDH levels, extranodal sites, IPI scores, response to inilittl 
treatment, and overall survival were seen in the cyclin Dl-positivc 
and -negative groups. 

Yalabe ct al 24 previously reported 151 cases of lymphoma with 
the morphologic features of MCL, Among these, they identified 23 
cases (15%) thai were negative for cyclin Dl protein expression by 
immunohislochcmical staining performed on formalin-fixed, paraf- 
fin-embedded tissue. Conventional cytogenetics was performed on 
only 3 of Uiese 23 cases, and all 3 were negative for the 
t(l 1 ;14)(ql3;q32). However, HSH or quantitative RT-PCR analy- 
sis was not performed on any of these cases. Compared with diejr 
group of cyclin Dl-positivc MCL (n = 128), the cyclin Dl- 
negati ve cases had a significantly better overall survival. In another 
report, Hashimoto ct ai M identified 3 cases of apparent cyclin 
Dl-negativc MCL by immunostains and compared them with 14 
cases of typical cyclin Dl-posidvc MCL. They also suggested lhat 
cyclin Dl-negativc MCL is a more indolent form of MCL. 
However, both of these studies failed to provide convincing 
evidence that their cases of cyclin D 1-ncgativc MCL were actually 
true cases of MCL. In fact, Yatabc ct al 1 " noted in their paper lhat 
some of their cyclin Dl^negative cases might have been marginal 
zone B-ccll lymphomas or atypical small lymphocytic lymphomas. 
In contrast, we have clearly demonstrated the characteristic MCL 
gene expression signature in ail of our cases of cyclin Dl-negativc 
MCL, and we did not find any significant differences in the clinical 
features between our 2 groups or MCL. However, since there are 
only 6 patients in our cyclin Dl-ncgativc group, with some having 
relatively short clinical follow-up, additional studies arc warranted 
to confirm our findings. 

The pathogenic mechanisms involved in the development of the 
cyclin Dl-negative MCL arc currently unknown. Since Ute onco- 
genic efleel of ovcrcxpressed cyclin Dl is considered to be cell 
cycle dysrcgulauon, we examined Other proteins involved in cell 
cycle control, especially during the G| to S phase transition. The 
D-type cyclins, Dl, D2, and D3, are all positive promoters of cell 
cycle progression from die C| to S phase. The D-typc cyclins are 
similar in structure and biochemical function, 26 but are expressed in 
a lineage-specific manner. 27 There is considerable redundancy in 
the growth-promoting function of the D-type cyclins, since only 
limited phenotypic consequences due to the absence of either 
cyclin Dl, D2, or D3 arc seen in gene knock-out mice. 280 ' In 



nonneoplastic lymph nodes and tonsils, cyclin D2 is found mainly 
in mlerfuUicularT cells, whereas cyclin D3 is found in cenlroblasts 
in lymphoid follicles and in scattered B cells and T cells of the 
interfollicular areas. 32 Hosvcvcr, cyclin Dl is not expressed in 
nonneoplastic T cells or B cells. WJ In low-grade R-cell malignan- 
cies, overexpression of cyclin D2 mRNA was observed hy 
Northern blot analysis in 29 of 34 cases of chronic lymphocytic 
leukemia and in all 7 cases of lymphoplasmacytic lymphoma, but 
not in 2 cases of MCL.* 1 * Cyclin D3 appears to be expressed more 
ubiquitously in B-cel) malignancies, including follicular lym- 
phoma, marginal zone lymphoma, and diffuse large B-cell lym- 
phoma ? a but is usually not expressed in lymphoid malignancies 
with either cyclin Dl or D2 Overexpression.-"'" In the current 
study, overexpression of either cyclin D2 orD3 was observed in all 
6 cases of cyclin Dl-negative MCL, indicating an important 
substitute role for these cyclins in the pathogenesis of cyclin 
Dl-negative MCL. However, the mechanism of cyclin D2 or D3 
up-regulalion in our cases remains unclear. We did not find any 
chromosomal translocations or gene amplifications involving the 
Cyclin D2 or D3 gene loci by FISH analysis in these cases. Our 
findings are consistent with several previous studies that suggested 
that deregulation of cyclin D2 or D3 expression is often due to 
epigenetic mechanisms. 39 '* 0 

Dysrcgulation of odier genes Or factors important in cell cycle 
control could also play a role in the pathogenesis of such cases. 
These may include dysrcgulation of p27 ki i", up-regulation of cyclin 
£ inactivation of the RB gene, and deletion of the pl6- NK4 - , /pl4 ARF 
locus, as well as involvement of other genes. The p27 ki i l1 protein 
regulates cellular progression from G| into S phase by inhibiting 
the cyclin E/CDK2 complex." 1 Regulation of pT]*? 1 occurs 
primarily through posttranscriptional mechanisms, including seques- 
tration by cyclin Dl or cyclin D3, 41 -" 3 or protcasomal degrada- 
tion.** In a prior study, the expression of p27 lI| l , ■, as assessed by 
in-imunoslains, was noted in only 5 of 40 cases or typical MCL, but 
was found in 8 of 10 cases of elastic MCL." 5 In the current study, 
down-regulation of p27 ki " 1 protein expression was seen in all 6 
cases, similar to lhat seen in typical cyclin Dl-positive MCL. 

The E-typc cyclins, including cyclin El and E2, arc also 
important in the G- phase of (he cell cycle. When combined with 
CDK2, cyclin E promotes the hypcrphosphorylation of RB protein 
and, thereby, facilitates the entry of cells into S phase." 6 None of 
our cases, however, was positive Tor cyclin E expression, arguing 
against a role For cyclin E in the pathogenesis of cyclin Dl- 
negativc MCL. Inactivation of the RB tumor suppressor gene has 
been implicated in the development or various types of human 
malignancy. However, RB protein expression was identified in all 
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of our cases and the expression levels were similar to Ihose seen in 
cyclin Dl-positive MCL. Our findings are consistent with a 
previous sludy in which the authors concluded that RB protein 
appears to be normally regulated in MCL. 41 We also investigated 
whether deletions of the rumor suppressor genes plfi INK4a and 
pl4 AKK play a role in cyclin Dl-negative MCL. plo 1 ™* regulates 
the Gj/S phase transition by forming binary complexes with CDK4 
and CDK6, thereby preventing these subunits from association 
with D-type cycltns. 44 Deletion of pl6"'" Mn or cyclinDl ovcrcxprcs- 
sion may therefore promote die G|/S phase transition by the same 
mechanism. An important function of pl4 ARF is to augment p53 
function by antagonizing murine double minute 1 (MDM2), and 
loss of pl4 ARF function may contribute to the enhanced prolifera- 
tion in tumor cells. 4 " As we have shown previously, INK4a/ARF 
locus deletions occur in up to 21 % (18/85) of cases of MCL and are 
preferentially observed among the more proliferative cases. 12 
However, deletion or the lNK4a/ARF locus was not identified in 
any of the 6 cases, arguing against a role for p]6 tNK4a /pl4 ARF in the 
pathogenesis of cyclin Dl -negative MCL. 

Careful morphologic examination, with knowledge of the full 
spectrum of. pathology in MCL. is critical in order to suspect a 
diagnosis of cyclin Dl-negative MCL. This diagnosis may be 
challenging, particularly since some cases are weakly positive for 
CD23 or fail to express CD43. However, all 6 cases in our study 
were positive for CDS, which should suggest the diagnosis of 
MCL. In such cases, positive immunostains for cyclin D2 or D3 are 
supportive of this diagnosis. Nevertheless, careful examination 10 



rule out other types of low-grade B-cell lymphoma, which may also 
be positive for cyclin D2 or D3, is essential. In the near future, gene 
expression profiling, or a panel of immunostains based on die MCL 
signature, will provide the mentis to confirm this diagnosis. Gene 
expression studies may also shed further Jight on the pathogenesis 
and biology of cyclin Dl -negative MCL. 
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ABSTRACT 

Oxytocin (OT) receptor (0TR) concentrations were determined in the cervix of nonpregnant cows on cycle Days 0, 3, 7-8, 17, and 19 
(n = 3-4 cows each day); [ 3 H]0T was used as the labeled ligand. Mucosa! and muscle layers of the cervix were also analyzed separately 
for both ligand binding and expression of the OTR gene using a newly developed RNase protection assay (RAP). Cellular localization of 
OTR protein was determined by immunohistochemistry. All regions of cervix from cows at estrus had high concentrations of OTR; in the 
luteal phase, all were sharply down-regulated. At estrus the mucosal layer had about 30-fold higher concentrations than the muscle layer. 
OTR mRNA was readily detected by RAP in the mucosa from estrous cows, while much weaker signals were found in the muscle. On Days 
7-17, the OTR mRNA signals in both mucosa and muscle were very faint or nondetectable. Thus, there was a good correlation between 
ligand binding and mRNA expression, which suggests that OTR concentrations are mainly regulated at the transcriptional level. The 
epithelial cells at the luminal surface of the mucosa were the principal site of immunoreactive OTR; muscle cells showed significantly 
weaker signals. Previously, OT was found to stimulate prostaglandin IPG) E 2 output in vitro in bovine cervical tissues. Since PGE 3 is capable 
of softening the cervix, our findings suggest that OT may have a novel physiological function to cause softening of the bovine cervix 
mediated by the release of PGE ? . 



INTRODUCTION 

Oxytocin (OT) has in recent years been shown to have 
other actions on the tissues of the female reproductive tract 
than the stimulation of myometrial contractions. These in- 
clude, among others, the stimulation of prostaglandin (PG) 
Fa, release from endometrium and decidua [1 -31 and PGE 2 
from amnion 12, 4). The OT receptors (OTR) that mediate 
these actions are similar to myometrial OTR with respect to 
the shared affinities for the neurohypophyseal peptides and 
their analogues 15, 61. Preliminary results of our research in- 
dicated that the bovine cervix may also be a target for OT 
[7]. We have now expanded these studies, and we have de- 
termined the topographic distribution of OTR within the 
nonpregnant bovine cervix at various stages of the estrous 
cycle and analyzed the expression of the OTR gene in these 
tissues. The cellular localization of the OTR in the cervical 
tissues was also determined by iinmunohistochemical 
methods. The expression of the gene for the OT peptide 
has recently been demonstrated in some nonendocrine tis- 



Aocepted November 16. 1995. 
Received September 12, 1995. 

'This work was supported by a gram from the USA-Israel Binalional Agricultural Re- 
search and Development Fund (BARD fflSj.2J3.V93). the Fogaity Foundation Grant »1F06 
TW'02093-01, die Wanier-l3inneit Foundation, and Cram Iv7-1 from the Deutsche For- 
st hungsgemdnschafi. Florida Agricultural Experiment Station Journal Series No. IMM858. 

forrcspondence: Anna-Riitta fuclis, Department of Obstetrics and Gynecology, Cornell 
University Medical College. 515 E. 71 Street, Room S-il2 ; New York, NY 10021. FAX: (212) 
746-8990. 

'Reprint requests: MJ Fields, Animal Science Dept., University of Florida, 459 Sheary, 
Room 125, Gainesville, Ft 32(511-1288. 



sues of the reproductive tract [8, 9]- We therefore analyzed 
the cervical tissues also for the expression of the OT gene. 

MATERIALS AND METHODS 

Animals and Tissues 

Tissues were obtained from purebred Hereford or Angus 
cows belonging to the herd of the USDA Subtropical Agri- 
culture Research Station, Brooksville, FL. The day of estrus 
(Day 0) was assigned when the cow was observed to stand 
for mounting by a penis-deflected bull. Tissues were ob- 
tained at the University of Florida Meat Laboratory from 
cows (2 or 3 per day) slaughtered on Days 0, 3, 7, 8, 17, or 
19. The cervix was removed immediately after exsangui- 
natton, dissected into suitable pieces, and snap-frozen in 
liquid nitrogen. Vagina was taken from a few of the cows 
(Days 0 and 7). 

In experiment 1, three cross-sectional slices were taken 
from each cervix as shown in Figure 1. One segment was 
from the region of the cranial end, one from the region of 
the caudal end, and one from the mid-portion. The slices 
were divided into pieces consisting of both muscle and mu- 
cosa layers, which were snap-frozen in liquid N 2 and kept 
at. — 80°C until receptor assay. 

In experiment 2, the cervical tissues were divided into 
mucosal and muscle layers for separate analysis. One ali- 
quot of each frozen tissue was used for measurement of li- 
gand binding and another for RNA extraction and immuno- 
histochemistry. All tissues were kept at - 80°C until shipped 
in dry ice for further processing. 
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Additionally, cross sections of the ccnix from all three 
regions were collected for histological analysis. Tissues 
were collected from cows at estrus and Day 7 of the estrou.s 
cycle. 

Receplor Assays 

Crude microsomal preparations were used for receptor 
assay as previously described fl 01- Frozen tissues were 
quickly pulverized and then homogenized in a 10 mM Tris 
buffer containing 1.5 mM F.DTA, 0.5 mM dithiothreitol, and 
0.002% PMSF, pH 7.4. The pellets were obtained by centrif- 
ugation of 1000 g supernatants at 160 000 X g for 30 min. 
After washing with die same buffer, the pellets were resus- 
pended in Ca 2 *-free Hanks' solution, pH 7.0, and stored at 
— 80°C. Protein concentrations were determined according 
to the methods of Lowry et al. (11] with BSA as standard. 

Ligand binding assays were performed as previously de- 
scribed [10]. Tritiated OT(| 3 H|OT; sp. act: 36.6 Ci/mmol, one 
lot 48.5 Ci/mmol; New England Nuclear, Boston, MA) was 
used as the lalieled ligand. Assay buffer consisted of 50 mM 
Tris maleatc, 5 mM MnCl 2 , 0.002% PMSF and 0.1% BSA, pH 
7.4; incubation temperature was 22 n C and duration was 60 
min. Separation of bound and free tigands was achieved by 
rapid filtration through Whatman (Clifton, NJ) GF/F filters 
using a Brandel Cell Harvester (Gaithersburg, MD). Binding 
was initially characterized in saturation assays using 8-10 
different concentrations of I^IOT (5 X KT 11 to 5 X 10" 8 
molar), and by displacement assays with the following: un- 
labeled OT; an OT antagonist (l-fj-mercapto-P,|3-cyclo- 
penta-methylene-propionic acid-2-tyrosine [O-methylM- 
threonine-8-ornithine-9-Tyro.sine NH2) vasotocin (C)VTA); 
arginine vasopressin (AVP); a V 1 subtype agonist (2-phenyl- 
alanine-8-omithine) vasopressin (PAVP); and V, antagonist 
(l-P-mercapto-p,p,-cyclopenta-methylene-propionic acid- 
2-tyrosme[Omethyl]-8-arginine)-vasopressin, the "Manning 
Compound" (MC). OVTA was a gift from Prof. M. Manning, 
Department, of Biochemistry, Medical College of Ohio (To- 
ledo, OH); PAVP was obtained from Peninsula (Belmont, 
CA), and the other peptides were obtained from Bachem 
(Torrance, CA). Chemicals other than peptides were from 
Sigma Chemical Co. (St. Louis, MO). The data were ana- 
lyzed by a computerized curve fitting program, LIGAND 
(Biosoft, Elsevier, NJ), which identifies the parameters K m 
K dl K„ and R max (thc binding capacity). B mux values for the 
individual samples were determined using four different 
concentrations of ( 3 H]OT (10~ 10 to 10" 8 M); the data were 
analyzed with die LIGAND program. Protein concentrations 
used for each assay ranged from 50 to 200 ug/ml. Within 
this range, ligand binding was linearly correlated to protein 
concentration. Nonspecific binding (NSB) was determined 
at each concentration of I'HlOT in the presence of 1.1 \iM 
unlabeled OT. NSB was lowest in mucosal and muscle prep- 
arations, about 1% of total counts; in cross-sectional prep- 



arations it was 2-4% of total cpm. All assays were run in 
duplicate, and results were expressed in fmol/mg micro- 
somal protein. 

Histology of Cervical Tissue 

Cross-sectional pieces from each region of die cervix 
were placed in Carson's modified Millonig's phosphate-buf- 
fered formalin [12], embedded in paraffin, and sectioned (5- 
um thick) onto glass slides. The sections were stained for 
collagen using Gomori's trichrome stain [12] and for elastin 
using orcein stain and hematoxylin as a counter stain [12]. 

Immunohistochemical Localization of Bovine OTR 

A monoclonal antibody was used to identify the cellular 
localization of the receptor protein in cervical mucosa and 
cervical muscle of the cervix obtained from a parturient 
cow. The antibody (courtesy of Dr. T. Kimura, Osaka, Ja- 
pan) was developed by Takemura et al. [1 31 in mice against 
a 21-amino-acid-long peptide sequence comprising the ex- 
tracellular, amino-terminal region of the OT receptor gene 
that shows high homology between the human, rat, and 
bovine genes. Frozen cryostat sections of pieces of cervical 
mucosa and muscle tissue were mounted on gelatin-coated 
slides. Sections were fixed in cold methanol ( — 20°C) and 
then air-dried before immunostaining. Antibodies were ap- 
plied at. different dilutions (1:100, 1:500, 1:1000, 1:2000). Im- 
niunoenzymatic labeling was carried out using the alkaline 
phosphatase technique (APAAP-complex; Dianova, Ham- 
burg, Germany). The specificity of staining was monitored 
in control sections where the hormone-specific antibody 
was replaced by pure mouse IgM. After counterstaining 
with hematoxylin, all sections were mounted in glycerine 
jelly and examined through a Nikon Epiphot (Melville, NJ) 
microscope. Muscle tissue from the jaw was used as a neg- 
ative control tissue. 

RNA Preparation 

Total RNA was prepared by guanidinium isothiocyanate 
extraction from UltraTurrax (Janke and Kandal, Staufen, 
Germany) homogenates followed by ultracentrifugation 
through cesium chloride cushion. All RNA samples were 
subjected to phenol/chloroform purification steps, as pre- 
viously described [14]. The quality of the RNA samples was 
assessed by measuring optical densities and by gel-electro- 
phoresis on 1.2% agarose gels. All preparations had a ratio 
of optical densities at 260 nm and 280 nm between 1.6 and 
1.8. The samples were stored in diethylpyrocarbonate- 
treated water at -20°C. 

Detection of Specific OTR Gene Transcripts 

RNase pnrtection assays (RPA) were established as pre- 
viously described [13, 16] to detect gene transcripts for bo- 
vine OTR and for bovine glyceraldehyde phosphate dehy- 
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TABLE .1. Avidity of unlabeled OT and various analogs to cervical ( 3 H) OT binding 
sites. The cervical membrane preparations were (rom a cow at estrus. 



Compound 


Ki, nmol/L 


OT 


1.0 


0VTA 


0.5 


AVP 


2.3 


PAVP 


6.4 


MC 


14.9 



drogenase (GAPDH) as control. The sequence of the bovine 
OTR gene [15I had not yet been determined when Ihese 
studies began. Oligonucleotides suitable for use in a poly- 
merase chain reaction assay were based on the human OTR 
sequence { 1 33 - The upstream and downstream primers were 
derived from regions corresponding to the third extracel- 
lular loop (5' primer: CCTGGGGACCCAAGGCCTAC) and 
the sixth transmembrane domain (3' primer: AAGAAGAA- 
AGGCGTCCAGCACACGA), respectively. Using a standard 
reverse transcriptase-polymerase chain reaction (RT-PCR) 
protocol, bovine myometrium from term uteri was used to 
program the synthesis of the single-stranded cDNA, and the 
resulting product was cloned into plasmid vector pCRil (In- 
vitrogen, San Diego, CA). The sequence of this fragment of 
bovine OTR cDNA, determined by double-stranded se- 
quencing, showed 85% homology to the corresponding re- 
gion of human OfR cDNA. For OTR mRNA, the cRNA probe 
was produced as described previously by in vitro transcrip- 
tion of the plasmid pCRII containing a cloned RT-PCR frag- 
ment, using T7 RNA polymerase following linearization of 
the plasmid with ffircdlll. The probe length is 425 b, which 
includes 123 b of the multiple cloning site, and protects an 
mRNA sequence of 302 b. The bovine GAPDH assay was 
similarly designed with a probe size of 321 b, including 123 
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FIG. 1. OTR concentrations in three different cross-sectional segments of the bo- 
vine cervix (cranial, midportion, and caudal) at estrus In = 4 cowsl and Day 7 <n - 
3 cows). Data (fmol/mg protein) represent mean ± SE. OTR concentrations in all 
three segments were higher at estrus than at Day 7 [p < 0.05). At estrus, the mid- 
portion had the greatest concentration of OTR. 
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FIG. 2. OTR concentration in mucosa and muscle layers from three regions of the 
cervix (cranial, midportion, and caudal) collected from cows at estrus and Day; 3, 
8, 17, and 19 (n = 3-4 cows each day). Data (fmol/mg protein) represent mean ± 
SE. OTR concentration in mucosa was higher than in muscle regardless of day of 
estrous cycle or region of cervix ( p < 0.005). The highest concentration of OTR was 
found in the mucosal layer of the midportion at estrus ( p < 0.01). 



b of the multiple cloning site, and it protects an mRNA se- 
quence of 198 b. The GAPDH antisense cRNA was tran- 
scribed in vitro from the plasmid pCRJI, containing a bovine 
GAPDH PGR fragment, using T3 RNA polymerase, after lin- 
earization of the plasmid with ficoRI. All cRNA probes were 
prepared in the presence of [u 32 P]CTP as described in rhe 
instnictions to the commercial RPA kit used (Ambion, Aus- 
tin, TX); die probes were subsequently purified by poly- 
acrylamide gel-electrophoresis on 6% gels. For the actual 
RPA, 10 ug of total RNA front each tissue was hybridized 
with the OTR- and GAPDH-specific cRNA probes in the 
same reaction vial. Due to the difference in size of the pro- 
tected fragments for the two cRNAs, they can be readily 
separated on the polyacrylamide gel. 

Detection of OTGane Transcripts 

Reverse transcriptase PGR assay for OT mRNA has been 
described in detail elsewhere [16]. It yields a 300-b PGR frag- 
ment that can be specifically detected after Southern blot- 
ting by use of an internal radioactively labeled oligonucle- 
otide probe. 

Statistical A nalysis 

One-way analysis of variance (ANOVA) was used to dis- 
tinguish differences among the three topographic regions 
of the cervix. Differences among the days of estrous cycle 
were also analyzed by one-way ANOVA for each type of 
tissue separately, followed by Newman-Keul's test. Differ- 
ences between mucosa and muscle were assessed by paired 
Hest. Differences were considered significant when p < 
0.05. 
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FIG. 3. RNase protection assays specific for mRNA encoding for OTR (length of protected fragment 302 b) and GADPH as control (length of protected fragment 198 hi. 
Lanes marked A represent cervical mucosa and those marked B represent muscle from cows at different days of the estrous cycle. Lane M: Hi'nfl digested PhiX174 ONA 
size marker, end-labeled with (u^PJdCTP. The probes were loaded on lanes marked OTR and GAPDH; C, RNase diyested probes; P, undigested probes. Whereas signals for 
GADPH were similar at all days, signals for OTR were markedly lower in the luteal phase than at estrus, particularly in the mucosal tissues. At Day 19 signals for OTR had 
increased from Days 7 and 17 levels and were similar to estrous levels. 
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. RESULTS 

QT Ligand Rinding in Cervical Tissues 

Saturation analysis of cross-sectional cervical tissue from 
estrous cows with 8-10 point assays indicated that high 
affinity, saturable binding sites were present, that hired a 
one-silt: mcxiel (K a = 5.9 ± 0.4 X 10 s L/mol: Hill coeffi- 
cient = 0.986 ± 0.006). Unlabeled OT displaced the la- 
beled ligand with similar affinity (A',:J.O nmol/1.) and similar 
Rmax ys [ 3 HjOT. The inhibition constants of the specific OT 
antagonist (OVTA), arginine vasopressin (AVP), the Vj sub- 
type agonist (PAVP), and the V t subtype antagonist (MC) 
are shown in Table 1. All exhibited a similar D„,„ x as unla- 
beled OT, and the individual Hill coefficients did not differ 
significantly from unity (range 0.92-1.004). 

The OTR concentration in the cervix, when averaged for 
the three regions (cranial end, mid-portion and caudal end), 
was 2730 ± 435 fmol/mg at estrus (3 cows). In luteal phase, 
on Days 7 and 8, receptor concentrations were markedly 
lower (400 ± 96 fmol/mg, 4 cows, j> < 0.005). OTR con- 
centrations in the vagina (average of single samples) were 
similar to those in the cervix, however, the difference in 
receptor density between estrus and Day 7 was not signif- 
icant in vaginal Lissues (1460 ± 781 fmoJ/mg, n = 4 and 




12 3 4 5 6 7 8 9 10 11 12 13 

FIG. 4. RT-PCR assay for detection of OT encoding transcripts in seven samples 
of cervical mucosa (lanes 1-7). For comparison, samples from corpora lutea of three 
term pregnant cows were included llanes 8-101. cDNA template from Day 3 corpus 
luteum served as positive control (lane 1 1), and H,0 as negative control (lane 12). 
Lane 13, 1 Kb marker. The PCR products were prepared from equivalent amounts 
of total RNA and were separated on 1.2% agarose gel. The assay yields a 310 b PCR 
fragment (arrow), which was present in the Day 3 corpus luteum (lane 11) and 
cervical mucosa from a Day 17 cow (lane 5) but was absent in the other six cervical 
samples, two from Day 0 and one each from Days 3, 7, 16, and 19 of estrous cycle. 
The three term corpora lutea showed weak signals for tha 310 b fragment. 

753 ± 204 fmol/mg, n = 2, respectively). The receptor 
affinity for ( 3 H]OT did not differ with respect to regional 
origin of the tissue or stage of the estrous cycle. 

The distribution of OTR along die cranio-caudal axis of 
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FIG. 5. Light microscopic photographs from different regions of the bovine cervix at Day 7 of the estrous cycle. A,DI Cranial end. B,E) Mid-portion. C,F) Caudal end. 
A,B,C,E,F) Gomori's trichrome was used for staining the connective tissue. The connective tissue collagen stains blue-green and the smooth muscle and epithelial ceils 
stain red. D) Orcein staining was used for elastin with hematoxylin counterstain in a cranial region of the cervix. The elastin fibers stain brown (small arrows) while the 
basal nuclei of mucosa epithelial cells stain bluish purple (large arrows). Note the clear apical cytoplasm of the luminal epithelial cells, which is distended with secretory 
material (arrows) into the lumen (LI of the cervix. A,B,C) The cervical mucosa consists of mucin-filled columnar epithelial cells (arrows) and underlying stromal cells. The 
underlying tissue layer consists of two distinct regions, mucosa IMC) and muscle (MS). The mucosa layer contains bundles of longitudinal smooth muscle dispersed in the 
connective tissue. The muscle layer contains abundant smooth muscle dispersed in connective tissue in a complex arrangement. The arrowhead in C represents the area 
of magnification shown in F. E,F) The muscle fibers are arranged in longitudinal (LF). circular (CP); and oblique transverse (OF) configurations dispersed throughout the 
different regions of the cervix and throughout the muscle layers. A-C, x40;D, x400;EandF, X100. 



the cervix varied significantly in tissues from estrous cows 
( p < 0.05), but in the luteal' phase the differences were not 
significant. At esr.rus the mid-portion of the cervix had the 
highest OTR concentration (Fig. 1). 



Cervical mucosa had significantly higher OTR concentra- 
tions than the muscle layer in all three regions and at all 
stages of the estrous cycle (p < 0.005) (Fig. 2). The greatest 
difference between the two layers was observed at the time 
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FIG. 6. Localization of immunoreactive OTR (OTR-ir) in cervical tissues of an estrous cow using the alkaline phosphatase method. 
A,B) Cervical mucosa. C,D) Cervical muscle. The monoclonal antibody was used at a dilution of 1:2000; adjacent sections were 
used as controls (B,D) and were treated with pure mouse IgM. intense staining for OTR-ir Ired) was detected in the epithelial cells 
of tho mucosa; staining of other cells in the mucosal layer was not detected. In the muscular part of the cervix, staining for OTR- 
ir was restricted to the muscle cells and was less intense than in the epithelial cells. A and C, X233; C and O. x 93. 



of estrus. On Day 3 ; OTR concentrations in the mucosal 
layer had declined significantly (p< 0.05) from estrous val- 
ues, and a further decline was observed on Days 8 and 17 
(p < 0.01). The drop in cervical OTR density during the 
luteal phase affected mainly the mucosal layer (/; < 0.01); 
the variations in the muscle layer were not significant. OTR 
' concentrations in mucosa on Days 8 and 1 7 were on the 
average reduced to 8% of estrous values, whereas in the 
muscle layer they were reduced to about 60% of values at 
estrus (not significant). Return towards Day 0 values was 
evident on Day 19 when mucosal OTR concentrations had 
increased in two of tfie three cows to a mean 1 638 ± 137 
fmol/mg, whereas in the third cow. OTR concentrations 
were similar to those in the midluteal phase. 291 fmol/mg. 
Receptor affinity was similar in the two tissues at all days of 
the estrous cycle; the mean K d for mucosa was 1 .31 ± 0.18 
nmol/L and for muscle, 1.04 ± 0.08nmoi/L. 

Some regional variation in the mucosal OTR density was 
evident in the cervix of estrous cows but not in the cervix 
of luteal-phase cows. The highest concentration of OTR in 
the mucosal layer was found in the mid-portion: the re- 
gional differences among the muscle layers were not sig- 
nificant on any day of the cycle. 

Detection of OTR tnJMA in Bovine Cervical Tissues 

With use of the RPA, mRNA for the OTR gene could be 
readily detected in cervical tissues obtained from. estrous 



cows (Fig. 3). In mucosa obtained at the time of behavioral 
estrus (Day 0), the signal for OTR mRNA was strong in all 
three regions of the cervix. The signals were markedly 
weaker on Day 3 than on Day 0, and on Day 7 they were fur- 
ther reduced to almost nondetectable levels. Weak bands of 
OTR mRNA were again visible in mucosal tissue on Day 17, 
and strong bands were seen on Day 19 in two of three cows. 
In the muscular layer, OTR mRNA levels were lower than in 
the mucosal layer at all stages of estrous cycle (Fig. 3). 

Detection of O f Peptide Gene Transcripts in Cewical 
Tissue 

Using the R'l'-FCR assay, which is an extremely sensitive 
though only semiquantitative assay system, positive signal 
for OT cDNA was detected in only one of several samples 
of cervical mucosa (Day 17), whereas strong positive signals 
were readily obtained from bovine corpora lutea from Day 
3 and weak signals from corpora lutea from three term preg- 
nant cows (Fig. 4). 

Histology) of Botiine Cervix 

A light microscopic evaluation of the cervix from a non- 
pregnant cow on Day 7 is represented in Figure 5. Sections 
from the cranial region are shown in panels A and D, from 
the midponion in panels B and E, and from the caudal re- 
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gion in panels C and F. Gomori's trichrome stain for con 
nective tissue was used in all .sections except D, in which 
orcein staining for clastin and hematoxylin counlerslain 
were used. Collagen stains blue-green, smooth muscle and 
epithelial cells stain red, elastin fibers stain brown (small 
arrows in panel D), and the nuclei of the epithelial cells 
stain bluish purple (large arrows, panel D). The cervix com- 
prises two distinct layers, mucosa (MC) and muscle (MS), 
shown in A, B, and C. Mucosa consists of mucin-filled. co- 
lumnar epithelial cells lining the luminal surface (small ar- 
rows; L = lumen) and an immediately adjacent area of 
dense connective tissue. This area is narrow in the cranial 
region (A) and increases in width towards the: caudal region 
(C). Muscle layer (MS) is beneath the mucosal layer and can 
be divided into two distinct regions: inner, shown in panels 
A, B, C, E, arid F-. and outer (not shown). The inner muscle 
layer contains collagen bundles and elastin fibers inter- 
spersed among an abundance of smooth muscle, which 
comprises longitudinal (LF), circular (CF), and oblique: 
transverse ainning fibers (OF) arranged in a complex man- 
ner, as shown in greater magnification in panels F. and F. 
The arrowhead in panel C represents the area of magnifi- 
cation shown in panel K The outer muscular layer is char- 
acterized by collagen bundles, elastin fibers and numerous, 
primarily longitudinally oriented smooth muscle fibers, lite 
epithelial cells of the mucosa are present in a single layer 
as shown in greater magnification in panel D (large arrows). 
They are distended and have clear cytoplasm in the apical 
area, indicative of active secretion of mucin into the cervical 
lumen (1). The underlying stromal cells are dispersed in the 
dense connective tissue containing elastin fibers (small ar- 
rows) and a small amount of smooth muscle arranged pre- 
dominantly in circular manner. No distinct differences were 
seen in bovine cervix at estrus and Day 7 using the staining 
procedures of this study. 

Immunohistochemvihy for Localization of OTR Protein 

In cervical mucosa from cows at estrus, staining for the 
OTR protein was localized exclusively in the epithelial cell 
layer (Fig. 6A). All epithelial cells appeared to be strongly 
stained, and no significant differences were noted among 
the different regions of the cervix ( not shown). The collag- 
enous submucosa showed no staining, and in the muscle 
layer only muscle cells were positively stained (Fig. 6C). 

DISCUSSION 

The present results confirm and expand our preliminary 
observations on the presence of high concentrations of OTR 
in the bovine cervix at estrus 171. The ligand binding in bo- 
vine cervical tissues had characteristics similar to those for 
bovine endometrial and myometrial OT receptors [10]. In 
all these tissues, the OTR have a relatively high affinity for 
arginine vasopressin and V, subtype agonists and antago- 



nists. The concentrations in cervical mucosa of estrous cows 
were similar or even higher than those found to be present 
in the endometrium of cows of the same breeds and at the 
same stage of the cycle [10]. As in endometrium. OTR con- 
centrations in cervical mucosa declined dramatically in the 
luteal phase, indicating similar regulation by gonadal hor- 
mones of OTR gene expression in these two tissues. OTR 
concentrations in cervical muscle and myometrium also var- 
ied in a similar manner: OTR density in both tissues showed 
only minor variations during the. cycle, although a trend 
toward lower values on Days 7-8 was evident in both tis- 
sues [10]. 

Changes in ligand binding and OTR mRNA level in cer- 
vical tissues during the estrous cycle were well correlated, 
suggesting that OTR protein concentrations art: regulated 
mainly at the transcriptional level. Similar relationships be- 
tween ligand binding and OTR mRNA levels were also ob- 
served in bovine endometrium and myometrium [Ti, 171. 

No physiological function has previously been assigned 
to OT in cervical tissues. Contractions of the nonpregnant 
bovine cervix in responsi: to OT injections in vivo have, 
however, been observed; the responses were stronger in 
the early luteal than in the midluteal phase [181. We have 
reported elsewhere diat OT caused a selective stimulation 
of PGE, output from cervical tissues of estrous cows in vitro; 
PGF^ output was minimal and was not affected by OT 1 171. 
OT had a smaller effect on VOV. z output in cervical tissues 
obtained 3 — i days alter estrus and no effect in tissues from 
cows in the luteal phase [171 Thus the responses corre- 
sponded to OTR concentrations at these stages of the cycle 
and are presumably OTR mediated. The presence of OTR 
mainly in the mucosal layer is in agreement with this notion, 
since epithelial and stromal cells have been shown to pro- 
duce PGE 2 and PGF,„ (19). whereas muscle cells produce 
mostly PGI 2 . PGE 2 has been shown to produce cervical soft- 
ening in pregnant humans and sheep [19-23]. One of the 
functions of OT in vivo may therefore be to soften the cervix 
around the time of ovulation. Indeed, injections of OT at 
the time of ovulation were found to produce significant cer- 
vical dilation in nonpregnant sheep, which facilitated arti- 
ficial insemination [24]. The presence of OTR in ovine non- 
pregnant cervix has recently been reported [25]. These 
findings, taken together, support the concept that OT can 
cause the release of PGE 2 from cervical epithelium. Besides 
the epithelial cells covering the luminal surface of the mu- 
cosa, as shown in Figure 6, the submucosa contains other 
PGE 2 producing cells such as mast cells, blood vessels, and 
lymphatics [26, 27]. Some of these cell types could possibly 
be the origin of the OT .stimulated prostaglandin E 2 release 
seen in the in vitro experiments reported previously [17]. 
However, no staining for the immunoreactive OTR protein 
was detected in any of these cells, so the epithelial cells 
must be the source of OT-induced PGE, release. PGE 2 could 
then act in a paracrine manner on the underlying submu- 
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cosa and muscle to cause remodeling and loosening of ihe 
tight collagen bundles. 

Endogenous OT for rhe stimulation of cervical OTR can 
originate in both ihe ovary and/or the posterior piluilary. 
Bovine corpus luteum and hypothalamus possess consid- 
erable OT synthesizing capacity 1 15J. Nonendociine organs, 
such as uterus or the cervix, are noi likely lo supply OT for 
ceivical stimulation, since the OT gene is only sporadically, 
if at all, expressed in tissues of the bovine reproductive tract 
(151, including the cervical mucosa, as shown in the present 
satdy. 

The contribution of ovarian OT to the circulating OT 
pool is greatest in the mid- and late luteal phase, and min- 
imal around estnis [28J, as determined from the concentra- 
tion gradient between vena cava and vena jugularis. Pe- 
ripheral plasma concentrations of OT, measured in daily 
samples in cyclic cows, arc low. and die cyclic variations 
range only from about 1 pg/ml around estnis lo 3-5 pg/ml 
in late luteal phase (Days 17-19) 110, 28J. However, OT is 
secreted in pulses from both the ovary and the pituitary 
128, 29], and during such pulses circulating concentrations 
increase many-fold. Moreover, it has been established that 
pulsatile OT is much more effective per unit OT than OT 
infused at a steady rate 130, 3D- Measurement of circulating 
OT levels is therefore not a reliable indicator of activation 
of tissue OTR by endogenous ligand, unless very frequent 
sampling is employed. Bovine theca and granulosa cells 
also express the OT gene, the expression of which is initi- 
ated at the time of the LII surge, and ovarian OT mRNA 
reaches maximum levels by Day 3 (151. Therefore, it is pos- 
sible that some OT could be released from the ovary upon 
appropriate stimulus also at the time of estais. Pituitary is, 
nevertheless, the main source of circulating OT at this stage 
of the cycle. Mating may stimulate OT release since milk 
ejection has been observed in cows during mating [32, 33]. 
Importantly, the marked increase in receptor concentrations 
is by itself sufficient to initiate responses to low endogenous 
concentrations of OT also without, an increase in plasma 
OT, since the response is related to the concentration of 
receptors even at concentrations of free ligand, which are 
much below the dissociation constant of the receptor [34]. 

Whether the findings in cows apply to other species re- 
mains to be seen. We have previously reported that in preg- 
nane and nonpregnant women, cervical OTR concentrations 
are very low; however, in these studies only the muscular 
part was analyzed (35, 36]. Kobuto et al. [37] have recently 
reported the presence of OTR-containing cells in the endo- 
cervical scrapings from pregnant women at term. The cells 
were not characterized, but they probably originated in the 
cervical epithelium, suggesting that human cervical mucosa 
may also be a target organ for OT. 

We conclude that cervical mucosa of nonpregnant cows 
is an important, target organ for OT, whereas effects of OT 
on cervical muscle appear to be of minor significance, due 



to the sparse receptor population in the muscular tissue. 
The cervical OTR concentrations are modulated in a striking 
fashion during the estrous cycle, and the regulation appears 
lo be mainly at the transcriptional level. Since OT stimulates 
PGE 2 output in cervical tissue in vitro, we propose that the 
cellular response to systemic OT in cervical mucosa consists 
of PGE 2 release from the epithelial cells; the free PGE 2 may 
in turn act in a paracrine manner on the adjacent connective 
and muscle tissues to promote cervical dilatation and facil- 
itate sperm transport at the time of ovulation. 
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Silencing of the thrombomodulin gene in human malignant 
melanoma 

Junichi Furuta a,b , Atsushi Kaneda a , Yoshihiro Umebayashi b , Fujio Otsuka b , 
Takashi Sugimura a and Toshikazu Ushijima 3 



The loss of thrombomodulin (TM) expression is associated 
with tumour growth, infiltration and lymph node metastasis 
in human tumours. In molanoma cell lines, TM is reported 
to mediate cell adhesion, and its introduction into TM- 
negative melanoms cell lines suppresses their growth. In 
this study, we analysed TM expression in surgical mela- 
noma spacimens and the role of its promoter methylation 
In the loss of its expression. In 15 (75%) of the 20 
specimens (five from a primary site and 15 from metastatic 
sites), melanoma cells lacked TM immunoreactivity. 
Methylation of the TM promoter region was detected In 10 
(67%) of the 15 TM-negative specimens by methylation- 
specific polymerase chain reaction, whereas methylation 
was detected in two (40%) of the five TM-positive speci- 
mens. In cell lines, complete methylation of the TM 
promoter CpG Island was detected in six (46%) of 1 3 
melanoma cell lines, whereas no methylation was detected 
In two cultured normal melanocytes. There was a good 
correlation between the methylated status of the CpG 
island and the loss of TM messenger RNA (mRNA) 
expression. Treatment of melanoma cell lines with a 
demethyfating agent 5-aza-2'-deoxycytidine, induced 



demethylation of the promoter CpG island and the 
restoration of mRNA and protein expression. These 
findings suggest that most human melanomas lack TM 
expression, and that methylation of the promoter CpG 
island is one of the mechanisms responsible. Melanoma 
fles 15:15-20 © 2005 Llppincott Williams & Wilkins. 
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Introduction 

Thrombomodulin ('I'M) not only plays a crirical role in 
anticoagulant acriviry, but is also involved in various 
biological and pathological processes, including thrombo- 
sis, arteriosclerosis, stroke, inflammation and cancer [I], 
'I'M is a glycosylated transmembrane protein with a large 
extracellular domain that comprises a C-typc lcccin-like 
domain, six epidermal growth factor (KCJF) modules and 
a serinc/rhreonine-rieh region TM is expressed 
mainly in endothelial cells, but is also, found in a wide 
range of other cells, including platelets, monocytes, 
synovial lining cells, transitional epithelium in the ureter 
and squamous epithelium in the skin, oral mucosa, larynx, 
oesophagus and vagina [2-GJ. 

Wirh regard to the role of TM in tumours, an association 
between a high expression of TM and a low-malignancy 
phenotypc has been reported for oesophageal squamous 
cell carcinomas, lung squamous Cell carcinomas and 
hepatocellular carcinomas i 7— 1 0 J . When cell proliferation 
was compared between melanoma cell lines subeloncd 
from four patients, a negative correlation between TM 
expression and cell proliferation was observed in vitro 

0900.893 1 (g 2005 Uppinr.oii Williams & Wilkins 



111). When wild-type TM was introduced into Bid 
melanoma cells, a TM-negative mouse melanoma cell 
line, cell proliferation in vitro and tumour growth in vivo 
were decreased |11|. The introduction of green fluor- 
escent prorein (GFP)-tagged TM into A205R, a TM- 
negative human melanoma cell line, resulted in the 
accumulation of TM in cell-to-cell adhesion sires, 
established a morphology with compact clustering and 
produced a decreased cell proliferation rale in vitro and 
decreased tumour growth in vivo |12J. 'l"hc addition of 
soluble TM in a reconstituted basement membrane 
(Matrigel") inhibited the invasive activity of B16F10 
melanoma cells inio the Matrigel [13J. 

All of these studies strongly indicate thar TM expression 
status is an important facror determining the malignant 
potential of many tumours, including human melanomas. 
However, TM expression has not been analysed in 
Surgical specimens of human melanomas. Therefore, in 
this study, wc analysed 'I'M expression in surgical 
specimens of human melanomas. Furthermore, we 
analysed the involvement of DNA mcthylation-assoeiated 
gene silencing in TM inactivation, as we have recently 
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found that the 711/ A* nc ' s silenced in human gastric 
cancers by merhyiatio" of a CpG island (CGI) in its 5' 
upstream region f 14]. 

Materials and methods 

Surgical melanoma specimens, cultured normal mela- 
nocytes and melanoma cell lines 

Twenty melanoma specimens, five from primary sites and 
15 from metastatic sites, were obtained from patients 
undergoing tumour resections at Tsukuba University 
Hospital with informed consent. All samples were 
embedded in paraffin and fixed in formalin. Two cultured 
neonatal normal epidermal melanocytes (HEM1, HEM2) 
were purchased from Cascade Biologies (Portland, OR, 
USA). MeWo, VMRC-MELG, A2058, C32TG and GAK 
were obtained from the Health Science Research 
Resources Bank, Japan Health Sciences Foundation 
(Sennan, Japan); G361, SK.-MEL-28 and HMV-I were 
obtained from the Cell Resource Center for Biomedical 
Research, Institute of Development, Aging and Cancer, 
'lbhoku University (Scndai, Japan); COLO 679 and 
MMAc were obtained from RIKEN BioRcsouree Center 
(Tsukuba, Japan); and WM-266-4 and WM-115 were 
obtained from the American Type Culture Collection 
(Roekville, MD, USA). TK-Mel-1 was established by J.E 
from a skin metastasis of a melanoma obtained at 
Tsukuba University Hospital. 

From surgical specimens, melanoma tissue was dissected 
from 50 um rhick tissue sections by a fine needle, 
deparaffinized and incubated in lysis buffer [50 mM 
Tris-HCI, pH 8.5, 1 mM eihylenediamineietraaeetic acid 
(EDTA), 0.5% Twcen-20, 200mg/ml of proteinase K] 
at 55"C for 3 days with fresh proteinase K even' 24 ti. 
DNA was purified by phenol/chloroform extraction and 
ethunol precipitation. From cell lines, DNA was 
extracted by standard phenol/chloroform procedures. 
RNA was isolated with ISOGEN (NIPPON CKNK, 
'lokyo, Japan). 

Immunohistochemistry 

'I'M antibody, TM (0-3), a mouse monoclonal antibody 
against arninu acids 22-321 of TM protein, was purchased 
from Santa Cruz Biotechnology (Santa Cruz, CA, U5A). 
Formalin-fixed and paraffin-embedded sections were 
sliced at 5 urn thickness, deparaffinized and heated in 
10 mM citrate buffer (pH n.O) Tor 15 min at 12l°C After 
blocking, the sections were incubated with the antibody 
at a dilution of 200-fold at 4''C overnight. Tine binding of 
the first antibody was detected by a specific second 
antibody and the Vectastain Elite ABC kit (Vector 
I^ahorarorics, Hurlingamc, CA, USA). Slides were coun- 
lerslaincd with Mayer's liaematoxylin. As a negative 
control, the absence of training without rhe primary 
antibody «as confirmed. As an internal positive control, 
staining of vascular endothelium was confirmed. 



5-A2a-2'-deoxycytidine (5-Aza-dC) treatment 

Cells were seeded at a density of 6 x 10' 1 cells per 10cm 
dish on da> 0. and e,\posed io freshly prepared J nM 5- 
Aza-dC (Sigma, St. Louis. MO, USA) for 24 h on days I 
and 3. The cells were harvested on day 4. 

Sodium bisulphite modification, methylation-speclflc 
polymerase chain reaction (MSP) and bisulphite se- 
quencing 

Hvc hundred nanograms of digested DNA w ere denatured 
in 0.3 N NnOH ai 37'C for 1 5 min [15]. Tn rhe denatured 
DNA, 3.6 N sodium bisulphite (pH 5.0) and 0.6 mM 
hydrnquinnne were added, and the sample underwent IS 
cycles of denaturaiion ai 95 C C for 30s and incubation at 
50 'C for 15 min. The sample was desalted with the 
Wiwird DNA Clean-Up system (Promega, Madison, WI, 
USA), and desulphonated by treatment with 0.3 N 
NaOH. The DNA sample was ethanol precipitated and 
dissolved in 20 pi of Tris-EDTA buffer. 

With a scr of primers. specific rn rhe mcrhylared or 
unmethylatcd sequence (M or U set, respectively), MSP 
[Ifi] was performed using 0.5 pi of the sodium bisulphite- 
treated DNA. MSP primers were designed within the 
promoter region as reported previously 117J. DNA 
methylated with Sss\ methylase and DNA from HEMl 
were used ro determine specific annealing temperatures 
for M and U sets, respectively. Minimal polymerase chain 
reaction (PGR) cycles to produce visible bands for these 
control samples were determined for M and U sets, 
respectively. For samples from cultured normal melano- 
cytes and melanoma cell lines, four cycles were added. 
For samples from surgical melanoma specimens, four 
more cycles were added because their DNA had been 
degraded. The primer sequences were 5'-CCIT GAT 
TTTATG TGT GAG GGT-3' (sense) and 5'-CTC CCT 
CCC UAA ACA TTC A-3' (antisense) for the U set 
(120 bp), and 5'-TGA TTT TAT GCG CGA GGG C-3' 
(sense) and 5'-CCT CCC TCC CTA AAC GTT CG-3' 
(antisense) for the M set (119 hp). The annealing 
temperature and amplification cycles were 59°C and 34 
cycles for rhe U set and 65°C and 34 cycles for the M set. 

For bisulphite sequencing, a set of primers common 10 
the methylated and unmethylatcd sequences was used. 
The PCR product was cloned into the pGEM-T Easy 
vector (IVomcga), and ten clones were sequenced. The 
primer sequences were 5'-AGG AGO ATT AAG ACA 
TGA AAG AG-3' (sense) and .V-CAA CCC AAA CAC 
TTC TTA CC-.V (antisense) (375 bp). The annealing 
temperature and amplification cycles were 59"C and 35 
cycles, respectively. 

Quantitative real-time reverse transcriptase-polymerase 
chain reaction (RT-PCR) 

After treatment with DNnse I (lnvitrogcn, Carlsbad, CA, 
USA), complcrnetitnr\ DNA (cl)NA) was synthesized 
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from 3 ug of iota! KN'A using Superscript II (Invicrngcn). 
Real-time PCR was performed usins SYBR Green PGR 
Core Reagents (PE Applied Biosystems, Foster City, C2A, 
USA) and an iCycler Thermal Cycler (Bio-Rad Labora- 
tories, Hercules, CA. USA). The number of molecules of 
a specific cDNA in a sample was measured by comparing 
its amplification with thai of standard samples containing 
' 10 1 to 10 6 molecules. The expression level of TM in each 
sample was obtained by normalizing rhc number of its 
cDNA molecules, with that of the GAI'DIl gene. The 
primer sequences were .V-GCT CJAT TAG AGG GAG 
GAG AA-3' (sense) and 5'-CGC ACT CTG TOT ClT 
CGT TA-3' (antisense) (97 bp) for T,\t, and 5'-AGG TGA 
AGG TCC; Ci'AC TCA ACG-3' (sense) and 5'-AGG GGT 
CAT TGA TGG CAA CA-3' (antisense) (102 bp) for 
GAPDH. 

Immunoblotting 

Total protein lysate (20 UK per lane) was separated by 
10% sodium dodecylsulphatc (SDS)>polyacrylamidc gel 
electrophoresis and transferred 10 3 polyvinylidene 
difluoridc membrane (Immobilon, Milliporc, Bedford, 
MA, USA). TM protein was derecred by a primary 
antibody ( 1 ; 500 dilution), TM (D-3), and by a second 
goat anti-mouse lgG antibody conjugated with peroxidase 
(1 : 10000 dilution; KPL, Gaiiliersbuig, MD, USA). The 
Specific complex was visualized by enhanced chcmilumi- 
ncsccncc (Amcmham Biosciences, Piscataway, NJ, USA). 
A rabbit anti-Actin antibody (1 :500 dilution; Biomedical 
Technologies, Sroughton, MA, ILSA) and a second donkey 
anti-rabbit IgG amibody conjugated with peroxidase 



Table 1 Thrombomodulin (TM) expression end metriylatlon status 
in surgical specimens 



Sample 



Origin 



1 
? 
3 
4 
5 
6 
7 

a 

9 
10 

n 

12 
13 
11 
15 
16 
17 
18 
19 
20 



Primary silo 
Primary site 
Primary aile 
Primary site 
Primary site 
Lung mslusiasis 
Lung metastasis 
Lunq metastasis 
Lymph node metastasis 
Lymph node metastasis 
Lymph node metastasis 
Lymph node metastasis 
Lymph node melu=la:;i= 
Skut melarri.l5i-. 
Skin metastasis 
Skin metastasis 
Skin metastasis 
Skin metastasis 
Inlesllnal metastasis 
Livei mc;luslni;ts 



TM imrttunoreactrvily Mr.lhylaiion 
status 

U + M 
U + M 
M 

+ U 
+ U + M 

U + M 
U + M 
U + M 
U 
U 

+ U 
+ U + M 

+ U 
U 
U + M 

M 
U + M 
U 
U 

U + M 



(1:5000 dilution; Chcmicon International, Tcmecula, 
GA, USA) were used as a control. 

Results 

Immunohistochemistry of TM 

In 15 (75%) of 20 surgical specimens, melanoma cells 
lacked 'I'M immunoreactivity (Table 1, representative 
resulrs in Fi«. 1). In the five TM-posirivc specimens, 
strong cell membrane staining was evident in melanoma 
cells, and positive staining was observed in the majority of 
melanoma cells (Fig. 1A). In contrast, in TM-negative 
specimens, all melanoma cells lacked positive staining, 



Fl 9 . 1 




TM immunorcaciiwiy is shown by ' l ' (positive) and '-' (negative). Methylalion 
status determined by melhylalioivapecilic polymerase cJiuin reacliun (MSl J ) is 
shown by 'M' (only methylated ONA molecules delected). U (only unmnlhylnicd 
DN A muleuules deieded) and II + M (both unmcThylated and methylated DNA 
molecules delected). There was no clear correlation between the loss ol TM 
immunoreaclivily and Ihn original r.ilcs ol tho eamploa. 



RcprcSCnUilivO immunohislochcmicul analysis ol llirombomodulin (TM) 
expression in surgical specimens of melanoma metastatic foci. 
Sections from melanomas were stained with anti-TM (0-3) antibody. 
Filteen (75%) of 20 melanoma specimens lacked TM immunoreaclivily. 
(A) Lymph node metaalasia of a melanoma (case 1 1) without promoter 
methylatinn. Strong immunoreactivity was observed in the cell 
membrane- LV, endothelial cells of lymph vessels; MET, inelastalic 
region ol melanoma. (B) Lung metastasis ol a melanoma (case E) with 
promoter melhylation. ALV. vascular ondolhelial calls of the alvsolsr 
cavity. Original magnifications, x 1 00. 
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Fig. 2 
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Genomic structure ol the thrombomodulin (TM) promoter region and its molhylalion analysis. (A) Structure of a 4-kb CpG island Spanning from CxOrt 
1 to the 5' upstream region. Each vertical mark, an individual GpC or CpG site; bar, region analysed by bisulphite sequencing. (B) Methylation 
analysis of the promoter region by methylation-specific polymerase chain reaction (MSP) in the surgical melanoma specimens. U and M, primer sots 
for unmelhylaled and methylated DNA sequences, respectively. The presence of methylated DNA molecules is shown by arrow heads. (C) 
Methylation analysis ol the promoter regions by MSP in cultured normal melanocytes (H£M1 and HEM2) and melanoma cell lines. MeWo, WM-266- 
4, WM-1 15, TK-MeM , VMRC-MELG, COLO 6'/9, A2058, MMAc, G361, C32TG, GAK, SK MEL-20 and HMV-I, melanoma cell linen; +Aza, 
melanoma cell lines after treatment with 5-aza-2'-deoxycytidinc (6-Aza-dC); Sssf, genomic DNA ot HEM1 treated with Sssl melhylase. (D) 
Mclhylalion analysis of Ihe promoter regions by bisulphite sequencing in two melanoma cell lines (SK-MEL-28 and MMAc) and HEM1. For each 
sample, 1 0 clones were sequenced. Filled circle, methylated CpG sitB: opBn circle, unmethylaled CpG Bite. Arrowa show the positions ol CpG sites 
recognized by MSP primers. The CytOSine at the 19th CpG site had a C to A polymorphism in MMAc. 



whereas endothelial cells of lymph vessels and vascular 
vessels were clearly stained, as reported previously 
(Fig. IB) [2,18]. Three of the five (G0%) specimens from 
primary sires lacked positive staining, whereas 12 of the 
15 (80%) specimens from metastatic sites lacked positive 
staining. This shuwed that the majority of surgical 
melanoma specimens lacked TM expression, whereas 
the remaining melanomas showed 'I'M expression. 

Methylation status of TM promoter region CGI 

A 4-kb CGF that mer a criterion described by Takni and 
Jones 1. 10 J spanned from exon 1 to the 5' upstream region 
of rhc TM gene, and the methylation status of a region 
overlapping the promoter region was analysed by MSI' 
(Kig. 2A). Methylation was detected in 12 (60%) of the 20 
specimens, bul ihc region was not methylated in HEMs. 
Methylation was detected in 10 (67%) of the 15 TM- 



ncgativc specimens and in two (40%) of the five TM- 
positivc specimens (Table 1, Fig. 2B). 

In surgical specimens, contamination of normal cells in 
melanoma samples was present, and it was difficult to 
determine the allelic status of methylation. Therefore, 
the methylation status was further analysed in melanoma 
cell lines (tfg. ZC). Methylation was detected in nine 
(69%) of IS melanoma cell lines, whereas no methylation 
was detected in the two cultured normal melanocytes, 
HF-M1 and HEM2. In six of the nine melanoma cell lines, 
MMAc GUI, C32TG, GAK, SK-MEL-28 and I1MV-1, 
only methylated DNA molecules were detected hy MSP. 

Bisulphite sequencing was performed in SK-MEL- 1 and 
MMAc, in which only mcchylatcd DNA molecules were 
detected by MSP, and in HRMl. The meihylatinn status 
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Expression levels of thrombomodulin (TM) in cultured normal 
melanocytes and melanoma coll lines analysed by quantitative reverse 
transcriptase-polymerase chain reaclion (RT-PCR). Expression levels 
were normalized to that of GAPDH, and an; shown on a logarithmic 
scale. The methylation status of each sample in the promoter region is 
shown below the names ol the samples. With or without 5-aza-2'- 
deoxycytidinC (S-Aza-dC) treatment is indicated as ■( + )' or '(-)', 
respectively. Expression status correlates with methylation status in the 
promoter region. M, only methylated DNA molecules detected; U, only 
unmotivated DNA molecules detected: U + M, both unmethylated and 
methylated DNA molecules detected. 



of the 120-bp region between chc primers of MSP was in 
complete accordance with the results by MSP (Fig. 2D). 
It was also observed chat the methylation status detected 
by MSP was in good accordance with the methylation 
Status of a hroadcr region (331 bp). 

Messenger RNA (mRNA) expression of TM and restora- 
tion by S-Aza-dC in melanoma cell lines 

The expression levels of TM were analysed in a cultured 
normal melanocyte, HEM1, and in 13 melanoma cell lines 
hy quantitative real-time RT-PCR (Fig. 3). TM. was 
abundantly expressed in the normal cultured melanocyte, 
HEM1. Of the melanoma cell lines, TM expression was 
losr in all six cell lines that showed only methylated DNA 
molecules, whereas some expression was detected in four 
of the six cell lines that showed both unmcihylated and 
methylated DNA molecules or only unmethylated DNA 
molecules. 

'lb examine the role of the methylation of CGI in the 
promorcr region in the loss of TM expression, six 
melanoma cell lines, MMAc, (J361, C32TG, GAK, SK- 
MKl^-28 and HMV-1, which showed only methylated 
DNA molecule.':, were treated with 5-Av.a-dC, a demcthy- 
lating agent, In four (MMAc, C361, GAK and SK-MF.I. 
28), (XI in the TM promoter region was demethylatcd 
(fig. ZC), and TM was ic-cxprcsscd (Fig,. 3). This showed 
rhac mcchylation of CGI in the promoter region was 
critically involved in the loss of TM expression. 
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Western blot analysis 0( thrombomodulin (TM) protein expression. 
HEM2, four melanoma Cell lines belore the addition of 5-aza-2'- 
deoxycyiidine (5-Aza-dC) and two melanoma cell tinea afterthe addition 
ol 5-A?a-dC were analysed. TM protein expression was observed in 
melanoma cell lines without malhylalion, but not in those with complete 
methylation. The expression in cell lines with complete methylation was 
restored by the addition of 5-Aza-dC. 



Immunoblot analysis of TNI protein 

To confirm the results obtained by RT-PCR, immunoblot 
analysis was performed using cell lines widh abundant re- 
expression of TM: G361 and SK-MEL-28 (Fig. 4). Before 
treatment with 5-Aza-dC, TM protein was detected in 
HKM2 and in two melanoma cell lines (MeWo and 
COLO 679) chat showed only unmcrhylatcd DNA 
molecules and mRNA expression. In contrast, TM 
protein was not detected in two cell lines (G361 and 
SK-MEL-Z8) that showed only methylated DNA mole- 
cules and no mRNA expression. After treatment ofG361 
and SK-MEIy-28 with 5-A/tf-dC, TM protein was 
detected. These results confirmed that TM mRNA 
detected hy RT-PCR, especially that re-expressed after 
5-Aza-dC treatment, was translated into TM proccin. 



Discussion 

In this report, TM expression was found ro he absent in 
most of the surgical melanoma specimens, although we 
mainly used metastatic samples to isolate DNA mostly 
from melanoma cells. It has been reported that low TM 
expression is associated with high-malignancy phenotypes 
in oesophageal, lung and liver cancers |7-10|, and that 
TM has a growth suppressive effect on melanoma cell 
lines f 11-13]. However, this Study is the first to show 
that some human melanomas lack TM expression, lb 
determine the mechanisms, wc further analysed the 
methylation status of CGI in the 'I'M promoter region. It 
was shown that CGI was methylated, and played a critical 
role in the loss of TM expression, as known for CGIs in 
promoter regions of tumour suppressor genes, such 3&pl6 
|20|. E-cadherhi [21] and hMUll Although gene 
silencing can be analysed only in melanoma cell lines, 
the presence of rhc aberrant methykuinn of the 
promoter CGI strongly suggesrs rhat its silencing is also 
present hi vh.vt. 
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Fi\e of the 15 TM-nc'gacivc surgical specimens shoved 
no TM mcchylation. It was therefore indicated thai other 
mechanisms, such as chromosomal deletions, mutations 
and u luck of upstream signals, were involved. Although 
rhc loss of the TM locus (Z0pl2-ccn) is infrequent in 
melanomas [23], its loss has been rcuorred in melanoma 
cells with high invasive capacity [24], With rcftard to 
mutations, no information is availahle in melanomas, and 
an analysis is necessary. Three cell lines. WM-266-4, WM- 
115 and A2058, retained unmcthylaucd UNA molecules, 
but did not e.Npress TM mRNA. The loss of expression of 
a rumour suppressor gene that can he potentially silenced 
by promoter methylation has been observed even without 
mcchylation for several rumour suppressor genes, such as 
CDHl, RARH and hMLlll [25-271. 

In human normal skin specimens, epidermal melanocytes 
lacked TM immunorcactiviry in our study (data not 
shown) and in a previous report [6], whereas TM 
expression was evident in cultured normal melanocytes. 
One possibility is that TM expression is necessary only on 
limited occasions, such as cell proliferation. Indeed, 
epidermal melanocytes arc known not to proliferate 
in -tiru unless specifically stimulated, e.g. by ultraviolet 
light f 281 , whereas cultured normal melanocytes keep 
proliferating. TM may he expressed only when cells arc 
proliferating, and may maintain cell proliferation within 
an appropriate range. To support this hypothesis, normal 
hepatncyr.es showed no TM immunorcactiviry, but TM- 
positive hepatocellular carcinomas showed better prog- 
nosis [10], 

In conclusion, our findings show that TM is not 
exfjressed in most human melanomas, and that methyla- 
tion of the promoter CGI is one of the mechanisms for 
the loss of expression. 
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In Ibis study, we examined yeasl proteins by two-dimensioDal (2D) gel electrophoresis and gathered quan- 
titative information from about ],*IOp spots. We found that there is an enormous range of protein abundance 
and, for identified spots, a good correlation between protein abundance, mRNA abundance, and codon bias. 
For each molecule of well-translated mRNA, there were about 4,000 molecules of protein. The relative 
abundance of proteins was measured in glucose and ethanol media. Protein turnover was examined and found 
to be insignificant for abundant proteins. Some phosphoproteins were identified. The behavior of proteins in 
differential centrifugalion experiments was examined. Such experiments with 2D gels can give a global view or 
the yeast proteome. 



The sequence of the yeast genome has been determined (9). 
More recently, the number of mRNA molecules for each ex- 
pressed gene has been measured (27, 30). The next logical level 
of analysis is that of the expressed set of proteins. We have 
begun to analyze the yeast proteome bv using two-dimensional 
(2D) gels. 

2D gel electrophoresis separates proteins according to iso- 
electric point in one dimension and molecular weight in the 
other dimension (21), allowing resolution of thousands of pro- 
teins on a single gel. Although modern imaging and computing 
techniques can extract quantitative data for each of the spots in 
a 2D gel, there are only a few cases in which quantitative data 
have been gathered from 2D gels. 2D gel electrophoresis is 
almost unique in its ability to examine biological responses 
over thousands of proteins simultaneously and should there- 
fore allow us a relatively comprehensive view of cellular me- 
tabolism. 

We and others have worked toward assembling a veasl pro- 
tein database consisting of a collection of identified spots in 2D 
gels and of data on each of these spots under various condi- 
tions (2, 7, 8, 10, 23, 25). These data could then be used in 
analyzing a protein or a metabolic process. Saccharomyces 
cerevisiae is a good organism for Ibis approach since it has a 
well-understood physiology as well as a large number of mu- 
tants, and its genome has been sequenced. Given the sequence 
and the relative lack of introns in S. cerevisiae, il is easy to 
predict the sequence of the primary protein product of most 
genes. This aids tremendously in identifying these proteins on 
2D gels. 

There are. three pillars on which such a database rests: (i) 
visualization of many protein spots simultaneously, (ii) quan- 
tification of the protein in each spot, and (in) identification of 
the gene product for each spot. Our first efforts at visualization 
and identification for S. cerevisiae have been described else- 
where (7, 8). Here we describe quantitative data for these 
proteins under a variety of experimental conditions. 

MATERIALS AND METHODS 
Strains and media, 5. cerri-isinr W303 [MATa nde2-l hisl-11,15 leu2-3. 1J2 
Irpl I ura3-l canl-JOO) was used (26). - Mel YNB (yeast nitrogen base) medium 
was 1.7 « of YNB (Difco) per liter. 5 c of ammonium sulfate per liter, and 
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adenine, uracil, and all amino acids accept methionine; -Mel.-Cys YNB me- 
dium was the same but without methionine or cysteine. Medium was supple- 
mented with 2% glucose (for most experiments) or with 2% elhanol (for ethanol 
experiments). Low-phosphate YEPD was described by Warner (28). 

Isotopic labeling of yeasl and preparation of cell extracts.- Yeast strains were 
labeled and proteins were extracted as described by Garrels et al. (7, 8). Briefly, 
cells were grown to 5 X 10* cells per ml. al 30*C; I ml of culture was transferred 
to a fresh lube, and OJ mCi of [- 5 S]methionine (e.g., Express protein labeling 
mix; New England Nuclear) was added to this )-ml culture. The cells were 
incubated for a further 10 to 15 min and then transferred 10 a J 5-mS microcen- 
trifuge tube, chilled on ice, and harvested by ccntrifugation. The supernatant was 
removed, and the cell pellet was resrrspended in 100 uj of lysis buffer (20 mM 
Tris-HCI [pH 7.6], 10 mM NaF, 10 mM sodium pyrophosphate, 0.5 mM EDTA, 
0.1% deoxycholate: just before use, phenylmclhylsulfonyl fluoride was added to 
I mM, leupeptin was added to 1 tig/ml, pepslatin was added to 1 |±g/ml, losyl- 
sulfonyl phenylalanyl chloromelhyl ketone was added to 10 ug/ml, and soybean 
trypsin inhibitor was added to 10 u.g/ml). 

The resuspended cells were transferred to a screw-cap J.5-ml polypropylene 
• rube containing 0.28 g of glass beads (0.5-mm diameter; Biospec Products) or 
0.40 g of"zirconia beads (0.5-mm diameter; Biospec Products). After the cap was 
secured, the lube was inserted into a MiniBeadbcater 8 (Biospec Products) and 
shaken al medium high speed at 4"C for I min. Breakage was typically 75%. 
Tubes were then spun in a microcentrifuge for 10 s at 5,000 X g at 4"C. 

With a very fine pipette tip, liquid was withdrawn from the beads and trans- 
ferred to a prechilled 1.5-ml lube containing 7 ul ol DNasc 1 (0.5.mg/ro); Cooper 
product no. 6330)-RNase A (0.25 mg/ml; Cooper producr no. 5679)-Mg (50 mM 
MgCU) mix. Typically 70 u.1 of liquid was recovered. The mixture was incubated 
on ice for 10 min to allow the KNase and DNase to work. 

Next, 75 til of 2X dSDS (2x dSDS is 0.6% sodium dodecyl sulfate |SDSJ, 2% 
mcrcaptotlhanol, and 0.1 M Tris-HCI |pH 8)) was added. The lube was plunged 
into boiling water, incubated for 1 min, and then plunged into ice. After cooling, 
the tube was ccnirifugcd at 4'C for 3 min al 14,000 X g. The supernatant was 
transferred lo a fresh lube-and frozen al -70T. About 5 ul of this supernatant 
was used for each 2D gel. 

2D polyacrvlnmide gels. 2D gels were made and run as described elsewhere 
(6-8). . ~ ' 

Image analysis of the gels. The Quest JJ software system was used few quan- 
titative image analysis (20, 22). Two techniques were used to collect quantitative 
data for analysis hy Quest II software. First, before the advent of phosphorim- 
agcrs, gels were dried and fluorographed. Each gel was exposed to film for three 
different times (typically J day, 2 weeks, and 6 weeks) to increase the dynamic 
ranee of ihc data. The films were scanned along with calibration strips to relate 
film optical density to disintegrations per minute in the gels and analyzed by the 
software to obtain a linear relationship between disintegrations per minute in the 
spots and optical densities of the film images. The quantitative data are ex- 
pressed as parts per million of the total cellular protein. This value is calculated 
from the disintegrations pci minute of the sample loaded onto the gel and by 
comparing the film density of each data spot with density of Ihc film over the 
calibration strips of known radioactivity exposed to the same film. This yields the 
disintegrations pei minute per millimeter for each spot on the gel and ihencc its 
paits-pei-rninuie value. 

After ihc advent of phosphor imaging, gels bearing -^S-labeled proteins were 
exposed to phosphor imager screens and scanned by a Fuji phosphorimager, 
typically foi two exposures per gel. Calibration strips of known radioactivity were 
e:xposed simultaneously. Sc:in data from the phosphorimager was assimilated by 
Quest II sofiwaic, and quantitative data »xie recorded foi the spots On the gels. 
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Measurements or protein turnover. Cells in exponential phase were pulse- 
labeled with p 5 S]melhionine, excess cold Met and Cys were added, and samples 
of equal volume were taken from the culture at intervals up to SX)min (in one 
experiment) or up to ) 60 m in (in a second experiment). Incorporation of into 
protein was essentially 100% by the first sample (10 rain). Extracts were made, 
and equal fractions of the samples were loaded on 2D gels (i.e., the different 
samples had different amounts of protein but equal amounts of '"S). Spots were 
quanlitatcd with a phosphorimaging and Quest software. 

The software was queried for spots whose radioactivity decreased through the 
time course. The algorithm examined all data points for all spots, drew a best-fit ■ 
line through the data points, and looked for spots where this line had a statis- 
tically significant negative slope. In one of the experiments, there was one such 
spot. To the eye, this was a minor, unidentified spot seen ontv in the first two 
samples (JO and 20 min). In the other experiment, the Quest software found no 
spots meeting the criteria. Therefore, wc concluded that none of the identified 
spots (and all but one of the visible spots) represented proteins with long 
half-lives. 

Centrifugal fractionation. Cells were labeled, harvested, and broken with glass 
beads by the standard method described above except that no detergent (i.e., no 
deoxycholais) was present in the lysis buffer. The crude lysate was cleared of 
. unbroken cells and large debris by centrifugation al 300 X g for 30 5. The 
supernatant of this centrifugation was then spun at 16,000 X g.for 10 min to give 
the pellet used for Re. 6B. The supernatant of the 16,000 X g, ]0-min spin was 
Ihen spun at J 00,000 X g for 30 min to give the supernatant used for Fig. 6A. 

Protein abundance calculations. A haploid yeast cell contains about 4 X10 - ' 2 
g of protein (J, 15). Assuming a mean protein mass of 50 kDa, there are about 
50 x 10* molecules of protein per cell. There are about 1.8 methionines per 10 
kDa of protein mass, which implies 4.5 X 10 8 molecules of methionine per cell 
(neglecting the small pool of free Mel). We measured (i) the counts per minute 
in each spot on the 2D gels, (ii) the total number of counts on each gel (by 
integrating counts over the entire gel), and (iii) the total number of counts 
loaded on ihc gel (by scintillation counting of the original sample). Thus, we 
know what fraction of the total incorporated radioactivity is present in each spot. 
After correcting for the methionine (and cysteine [sec below)) content of each 
ptotcin, we calculated an absolute number of protein molecules based on the 
fraction of tadioacliviiy in each spot and on 50 x 10* total molecules per cell. 

The labeling mixture used contained about one-fifth as much radioactive 
cysteine as tadioaclive methionine. Therefore, the number of cysteine molecules 
per protein was also taken into account in calculating the number of molecules 
of protein, but Cys molecules were weighted one-fifth as heavily as Mel mole- 
cules. 

mRNA abundance calculations. For estimation of mRNA abundance, we used 
SAGE (serial analysis of gene expression) data (27) and Asymetrix chip hybrid- 
ization data (29a, 30). The mRNA column in Table 1 shirws mRNA abundance 
calculated liom SAGE data alone. However, the SAGE data came from cells 
growing in YEPD medium, whereas our protein measurements were from cells 
growing in YNB medium. In addition, SAGE data for low-abundance mRNAs 
sulfeis from statistical variation. Therefore, we also used chip hybridization data 
(29a, 30) foi mRNA hum cells grown in YNB. These hybridization data also had 
disadvantages. First, Ihc amounts of high-abundance mRNAs were systemati- 
cally underestimated, probably because of salutation in the hybridizations, which 
used 10 ng of cRNA. For example, the abundance of ADM mRNA was 197 
copies per cell by SAGE but only 32 copies per cell by hvbridizalion, and Ihc 
abundance of EN02 mRNA was 248 copies per cell by SAGE but only 41 by 
hybridization. When the amount of cRNA used in Ihc hybridization was reduced 
• to 1 ug, ihc apparent amounts of mRNA were similar to the amounts determined 
by SAGE (29a, 29b). However, experiments using I u.g of cRNA have been done 
for only some genes (29a). Because amounts of mRNA were normalized to 
15,000 per cell, and because the amounts of abundant mRNAs were underesti- 
mated, Ibeie is a 2.2-fold overestimate of the abundance of nonabundant 
mRNAs. We calculated this faclor of 22 by adding together the number of 
mRNA molecules from a large number of genes expressed at a low level for both 
SAGE data and hybridization data. The sum for the same genes from hvbrid- 
izalion data is 2.2-fold greater lhan thai fiom SAGE dala. 

To take into account these difficulties, wc compiled a list of "adjusted* mRNA 
abundance as follows. For all high-abundance mRNAs of out identified proteins, 
we used SAGE dala. Foi all of these particular mRNAs, chip hvbridizalion 
suggested lhal mRNA abundance was Ihe same in YEPD and YNB media. For 
medium-abundance mRNAs, SAGE data wete used, but when hvbridizalion 
dala showed a significant difleicncc between YEPD and YNB, then the SAGE 
data were adjusted by the appropriate faclot. Finally, for low-abundance 
mRNAs, we used data from chip hybridizations from YNB medium but divided 
by 2.2 to normalize to Ihc SAGE results. These calculations were comple'led 
without reference to protein abundance. 

CA1. The codon adaptation index (CA1) was taken fiom Ihe yeast protcome 
database ( YPD) (13), lot which calculations were made accoiding to Sharp and 
Li (24). Bricflv, ihe index uses a reference stl of highly expressed genes to assign 
a value to each codon. and then a score for a gene is calculated from the 
frequency of use of ihc various codons in lhal gene (24). 

Statistical analysis. The JMP program was used »iih ihe aid of T. Tully. The 
IMP program showed lhal nciihct mKNA nor prnicin abundances were nor- 
mally distributed: Ihnctore, Spearman lank correlation coctlicicnls (/,) woe 
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calculated. The mRNA (adjusted and unadjusted) and protein, dala were also 
transformed so that Pearson product-moment correlation coefficients (#- ) could 
be calculated. First, this was done by a Box-Cox transformation of log-trans- 
formed dala. This transformation produced normal distributions, and an r of 
0.76 was achieved. However, because the Box-Cox transformation is compiexf wc 
also did a simpler logarithmic transformation. This produced a normal distribu- 
tion for the protein dala. However, the distribution for the mRNA and adjusted 
mRNA dala was close to, but not quite, normal. Nevertheless, we calculated the 
r r and found that it was 0.76, identical to the coefficient from the Box-Cox 
transformed data. We therefore believe that this correlation coefficient is not 
misleading, despite Ihe fact that the log(mRNA) distribution is not quite normal. 



RESULTS 

Visualization of 1,400 spots on three gel systems. Yeast 
proteins have isoelectric points ranging from 3.1 to 12.8, and 
masses ranging from less than 10 kDa to 470 kDa. It is difficult 
to examine al) proteins on a single kind of gel, because a gel 
with the needed range in pi and mass would give poor resolu- 
tion of the thousands of spots in the central region of the gel. 
Therefore, we have used three gel systems: (i) pH "4 to 8" with 
10% polyacrylamide; (ii) pH "3 to 10" with 10% pofyacryl- 
amide; and (iii) nonequilibrium with 15% polyacrylamide (7, 
8). Each gel system allows good resolution of a subset of yeast 
proteins. 

Figure 1 shows a pH 4-8, 10% polyacrylamide gel. The pH 
at Ihe basic end of the isoelectric focusing gel cannot be main- 
tained throughout focusing, and so the proteins resolved on 
such gels have isoelectric points between pH 4 and pH 6.7. For 
these pH 4-8 gels, we see 600 to 900 spots on the best gels after 
multiple exposures. 

The pH 3-10 gels (not shown) extend the pi range somewhat 
beyond pH 7.5, allowing detection of several hundred addi- 
tional spots. Finally, we use nonequilibrium gels with 15% 
acrylamide in the second dimension. These allow visualization 
of about 100 very basic proteins and aboul 170 small proteins 
(less lhan 20 kDa). In total, using all three gel systems, about 
1,400 spots can be seen. These represent about 1,200 different 
proteins, which is about one-quarter to one-third of the pro- 
teins expressed under these conditions (27, 30). Here, we focus 
on the proteins seen on Ihe pH 4-8 gels. 

Although nearly all expressed proteins ate present on these 
gels, the number seen is limited by a problem we call coverage. 
Since there are thousands of proteins on each gel, many pro- 
teins comigrate or nearly comigrate. When two proteins are 
resolved, but are close together, and one protein spot is much 
more intense than the other, a problem arises in visualizing the 
weaker spot: at long exposures when ihe weak signal is strong 
enough for detection, the signal from the strong spot spreads 
and covers ihe signal from the weaker spot. Thus, weak spots 
can be seen only when they are well separated from strong 
spots. 

For a given gel, Ihe number of delectable spots initially rises 
with exposure time. However, beyond an oplima! exposure, the 
number of distinguishable spots begins to decrease, because 
signals from strong spots cover signals from nearby weak spots. 
Al long exposures, the whole autoradiogram turns black. Thus, 
there is an optimum exposure yielding ihc maximum number 
of spots, and al this exposure the weakest spots are not seen. 

Largely because of the problem of coverage, Ihe proteins 
seen are strongly biased toward abundant ptoteins. All identi- 
fied proteins have a CA) of 0.1S or more, and we have iden- 
lified no Iranscripiion factors or protein kinases, which are 
nonabundant proteins. Thus, this lechnology is useful for ex- 
amining protein synlhesis, amino acid metabolism, and glyco- 
lysis but not for examining transcription, DNA replication, or 
Ihc cell cycle. 
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Spol identification. The identification of various spots has 
been described elsewhere (7, 8). At present, 169 different spots 
representing 148 proteins have been identified. Many of these 
spots have been independently identified (2, 10, 23, 25). The 
main methods used in spol identification have been analysis of 
amino acid composition, gene overexpression, peptide se- 
quencing, and mass spectrometry. 

Pulse-chase experiments anil protein turnover. Pulse-chase ■ 
experiments were done to measure protein half-lives (Materi- 
als and Methods). Cells were labeled with [ :,5 S]methionine for 
10 min. and then an excess of unlabeled methionine was added. 
Samples were taken nt 0, 10, 20, 30, 60, and 90 min after the 
beginning of the chase. Equal amounts of 35 S were loaded from 
each sample; 2D gels were run, and spots were quantitaled. 
Surprisingly, almost every spot was nearly constant in amount 
of radioactivity over the entire time course (not shown). A few 
spots shifted from one position to another because of post- 
translational modifications (e.g., phosphorylation of RpaO and 
Efbl). Thus, the proteins being visualized are all or nearly all 
very stable proteins, with half-lives of more than 90 min. Gygi 
. et al. (10) have come to a similar conclusion by using the N-end 
rule to predict protein half-lives. This result does not imply 
that all yeast proteins are stable. The proteins being visualized 
are abundant proteins; this is partly because they are stable 
proteins. 

Protein quantitation. Because all of the proteins seen had 
effectively the same half-life, the abundance of each protein 
was directly proportional to the amount of radioactivity incor- 
porated during labeling. Thus, after taking into account the 
total number of protein molecules per cell, the average content 
of methionine and cysteine, and the methionine and cysteine 
content of each identified protein, we could calculate the abun- 
dance of each identified prolein (Tables 1 and 2; Materials and 
Methods). About 1,000 unidentified proleins were also quan- 
tified, assuming an average content of Met and.Cys. 

Many proleins give multiple spots (7, 8). The contribution 
from each spot was summed to give the total protein amount. 
However, many proleins probably have minor spots that we are 
not aware of, causing the amount of protein to be underesti- 
mated. 

When the proleins on a pH 4-8 gel were ordered by abun- 
dance, the most abundant protein had 8,904 ppm, the 10th 
most abundant had 2,842 ppm, the 100th most abundant had 
314 ppm, the 500lh mosl abundant had 57 ppm, and the 
1,000th mosl abundant (visualized al greater than optimum 
exposure) had 23 ppm. Thus, there is more than a 300-fold 
range in abundance among the visualized proleins. The mosl 
abundant 10 proleins account for about 25% of the total pro- 
tein on Ihe pH 4-8 gel, the most abundant 60 proteins account 
for 50%, and ihe mosl abundant 500 proleins account for 80%. 
Since it seems likely lhat the pH 4-8 gels give a representative 
sampling of all proteins, we eslimaie lhat half of the total 
cellular prolein is accounted for by fewer lhan 100 different 
gene products, principally glycolytic enzymes and proleins in- 
volved in prolein synthesis. 

Correlation of prolein abundance with mRNA abundance. 
Estimates of mRNA abundance for each gene have been made 
by SAGE (27) and by hybridization of cRNA to oligonucleo- 
tide arrays (30). These two methods give broadly similar re- 
sults, yel each method has strengths and weaknesses (Materials 
and Methods). Table 1 lists the number of molecules of mRNA 
per cell for each gene studied. One measuremeni (mRNA) 
uses dala from SAGE analysis alone (27); a second incorpo- 
rates data from both SAGE and hybridization (30) (adjusted 
mRNA) (Table 1; Materials and Methods). We correlated 
protein abundance wiih mRNA abundance (Fig. 2). For ad- 
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justed mRNA versus protein, the Spearman rank correlation 
coefficient, r„ was 0.74 (P < 0.0001), and the Pearson corre- 
lation coefficient, r p , on log transformed data (Materials and 
Methods) was 0.76 (P < 0.00001). We obtained similar corre- 
lations for mRNA versus protein and also for other-data trans- 
formations (Materials and Methods). Thus, several statistical 
methods show a strong and significant correlation between 
mRNA abundance and protein abundance. Of course, the cor- 
relation is far from perfect; for mRNAs of a given abundance, 
there is al least a 10-fold range of protein abundance (Fig. 2). 
Some of this scatter is probably due to posttranscriptional 
regulation, and some is due to errors in Ihe mRNA or protein 
data. For example, ihe protein Yef3 runs poorly on our gels, 
giving multiple smeared spots. Its abundance has probably 
been underestimated, partly explaining the low protein/mRNA 
ratio of Yei3. It is the most extreme outlier in Fig. 2. 

These dala on mRNA (27, 30) and protein abundance (Ta- 
ble 1) suggest lhat for each mRNA molecule, there are on 
average 4,000 molecules of the cognate protein. For instance, 
for Actl (actin) there are about 54 molecules of mRNA per 
cell and about 205,000 molecules of protein. Assuming an 
mRNA half-life of 30 min (12) and a cell doubling time of 120 
min, this suggests lhat an individual molecule of mRNA might 
be translated roughly 1,000 times. These calculations are lim- 
ited to mRNAs for abundant proteins, which are likely to be 
the mRNAs that are translated best. 

A full complement of cell prolein is synthesized in about 120 
min under these conditions. Thus, 4,000 molecules of protein 
per molecule of mRNA implies that translation initiates on an 
mRNA about once every 2 s. This is a remarkably high rate; it 
implies lhat if an average mRNA bears 10 ribosomes engaged 
in translation, then each ribosome completes translation in 
20 s; if an average protein has 450 residues; this in turn implies 
translation of over 20 amino acids per s, a rale considerably 
higher lhan estimated for mammalians (3 to 8 amino acids per 
s) (18). These estimates depend on the amount of mRNA per 
cell (11, 27). 

The large number of prolein molecules lhat can be made 
from a single mRNA raises the issue of how abundance is 
controlled for less abundant proleins. Many nonabundant pro- 
teins may be unstable, and this would reduce the prolein/ 
mRNA ratio. In addition, many nonabundant proleins may be 
translated at suboptimal rates. We have found that mRNAs for 
nonabundant proteins usually have suboptimal contexts for 
Iranslalional initiation. For example, there arc over 600 yeast 
genes which probably have short open reading frames in Ihe 
mRNA upstream of Ihe main open reading frame (17a). These 
may be devices for reducing Ihe amount of prolein made from 
a molecule of mRNA. 

Correlation of codon bias wilb prolein abundance. The 
mRNAs for highly expressed proleins preferentially use some 
codons rather than others specifying the same amino acid (14). 
This preference is called codon bias. The codons preferred are 
those for which Ihe iRNAs are presenl in Ihe greatest amounts. 
Use of Ihese codons may make translation faster or more 
efficient and may decrease misincorporaiion. These effects are 
most important for the cell for abundant proleins, and so 
codon bias is most exireme for abundant proleins. The effect 
can be dramalic— highly biased mRNAs may use only 25 of the 
61 codons. 

We asked whether Ihe correlation of codon bias with abun- 
dance continues for medium-abundance proleins. There are 
various mathematical expressions quantifying codon bias; here, 
we have used Ihe CAJ (24) (Materials and Methods) because 
il gives a result between 0 and 1. The r, for CA1 versus protein 
abundance is 0.S0 (P < 0.0001). similar lo the mRNA-protein 



TABLE 1. Quantitative data° 



Name 



CA1 



roRNA 



Adjusted mRNA 



Carbohydrate metabolism 



Protein synthesis 



Heat shock 



Amino acid synthesis 



Miscellaneous 



Adh]. 

Adh2 

Cit2 

Enol 

Eno2 

Fbal 

Hxkl,2 

Icll 

Pdbl 

Pdc) 

Pit] 

Pgil 

Pycl 

Tall 

Tdh2 

Tdh3 

Tpi] 

Efbl 

Eftl,2 

Prtl 

RpaO 

Tif) ,2 

Yef3 

HscS2 

Hsp60 

Hsp82 

Hsp104 

Kar2 

SsaJ 

Ssa2 

Ssb1,2 

Sscl 

SseJ 

Stil 

Adel 

Ade3 

Ade5,7 

Arg4 

Gdbl 

Glnl 

His4 

Ilv5 

Lys9 

Mel6 

Pro2 

Serl 

Trp5 



0.8)0 
0.504 
0.185 
0.870 
0.892 
0.868 
0.500 
' 0.25J 
0.342 
0.903 
0.465 
0.681 
0.260 
0.579 
0.904 
0.924 
0.817 

0.762 
0.801 
0.303 
0.793 
0.752 
0.777 

0.581 
0.381 
0.517 
0.304 
0.439 
0.709 
0.802. 
0.850 
0321 
0.521 
0.247 

0.229 
0.276 
0.257 
0.229 
0.585 
0.524 
0.267 
0.80) 
0.332 
0.657 
0.248 
0.258 
0319 



197 
0 
1 

No Nla 
248 
179 
13 
0 
5 
226 
5 
14 
1 
5 
63 
460 

Ho Nla 

33 
26 
4 

246 
' 29 
36 

2 
9 
2 
7 

5 • 

2 
.10 
50 



1 

4 

2 

2 

1 
10 
11 

3 

6 

4 

NoW/o 
3 
2 
5 



Actl 


0.710 


54 


AdJcl 


0.531 


No Mo 


Ald6 


0.520 


3 


Atp2 


0.424 


1 


Bmhl 


0.322 


46 


Bmh2 


0.384 


1 


Cdc48 


0.306 


2 


Cdc60 


0.299 


2 


Erg20 


0.373 


5 


Gppl 


0.603 


16 


Gspl 


0.621 


3 


Ippl 


0.620 


4 


Lcb] 


0.173 


0.3 


Moll 


11.423 


0 


Pabl 


0.488 


3 


Psal 


0.600 


15 


Rnr4 


0.497 


6 


Saml 


0.494 


5 


Sam2 


0.497 


3 


Sod] 


0.376 


36 


Ubal 


0.212 


2 


YKL056 


0.731 


62 


YLR109 


0.549 


21 


YMR116 


0.777 


41 
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5 
63 
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16.5 
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36 

2.9 
2.3 
1.3 
7 

10.1 

43 
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50 
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8 

1.1 



1.7 

1.4 

8.1 
27 
11 

3 

6 

4 
22 

3 

1.2 
5 

54 
3 

4.1 
46 
1.4 

2.4 

0.86 

5 

5 

3 
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0.8 
. 0.45 
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15. 

6 
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36 
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TABLE 2. Functions of proteins listed in Table 1 



Name" 



YPD litlc lines' 



Adhl 

Adh2 

Cit2 

EnoJ 

Eno2 

Fbal 

Hxkl 

Hxk2 

Icll 

Pdbl 

Pdc) 

Pfkl 

Pcil 

Pycl 

Tall 

Tdh2 

Tdh3 

TpiJ 

Efbl 
Efll 
Eft2 
Pre] 

RpaO (RPPO) 

Tifl 

TiO 

Yef3 

Hsc32 
Hsp60 
~Hsp$2 
Hspl04 

Kar2 

Ssal 
Ssa2 
Ssbl 
Ssb2 
Ssc) 

Ssel 
Slil 

Adel 
Adej 
Ade5,7 
' Arn4 
Cdhl 
Glnl 
Hi.vl . 

Ilv5 

I.ys9 
Mcl6 

Pro2 
Scrl 
Tip5 

Actl 

Adkl 

A)d6 

Alp2 

Bnibl 

Bmh2 

Cdc48 

Cdc60 

Erii20 

Gpp] (Rhr2) 
Gspl 
IppI 
Lcb) 

Moll (ThW) 
Pab) 

Psa] 
Rnr4 
Sam I 
Sam2 
Sod) 
Una] 



VKL056 
V1-R109 (Ahpl 
YMR116 (AscJ 



Alcohol dehydrogenase I; cytoplasmic isozyme reducing acelaldehyde loethanol, regeneratin° NAD* 
Alcohol dehydrogenase II; oxidizes ethanol to acetaldehyde, glucose repressed ° 
Cilrale synthase, peroxisomal (nonmilochondrial); converts acetyl-CoA and oxaloacelate to citrate plus CoA 
Eno ase 1 (2 phosphoglycerale dehydratase); converts 2-phospbo-D-gJycerate to pbosphoenolpyruvate m glycolysis 
fcnolase 2 : (2-phospbogrycerate dehydratase); converts 2-phospho-D-glycerale to phosphoenolpyruvate in Elvcolvsis 
Fructose bisphosphate aldolase 11; sixth step in glycolysis . 6>i**»j*» 

Hexokinase I; converts hexoses to hexose phosphates in glycolysis; repressed by glucose 

Hexokinase II; converts hexoses to hexose phosphates in glycolysis and plays a regulator* role in glucose repression 
tspcitrate lyase, peroxisomal; carries out part of the glyoxylate cycle; required for glucon'eogenesis 
Pyruvate dehydrogenase complex, El beta subunil ' ' 
Pyruvate decarboxylase isozyme 1 

Phosphofruclokinase alpha subunil, part of a complex with Pfk2p which carries out a key regulatory steo m efvcolvsis 
(jrucose-6-phosphale isomerase, converts glucose-6-phosphate to fruciose-6-phosphale . 
Pyruvate carboxylase 1: converts pyruvate to oxaloacelate for gluconeogenesis 
Transaldolase; component of nonoxidalive part of pentose phosphate pathway 

Gtyceraldehyde-3-phosphale dehydrogenase 2; converts D-glyceraldehyde 3-pfiosphale lo 13-dephosphoRlycerale 
(jlyceraldehyde-3-phosphaie dehydrogenase 3; converts D-gryceraldebyde 3-phosphale lo U-dephosphofrvceiale 
1 riosephosphale isomerase; mlerconverts gh/ceraklehydc-3-phoSphale and dihydroxyacelone phosphate 

Translation elongation factor EF-1P; GDP/GTP exchange factor for Teflp/Tef2p 

Translation elongation factor EF-2; contains diphthamide which is not essential for activity; identical lo Efl2o 
Trans anon elongation faclor EF-2; contains diphthamide which is not essential for activity- identical to Ellin 
Translation initiation factor elF3 beta subunil (p90); has an RNA recognition domain 
Acidic nbosomal protein AO 

Translation initiation faclor 4A (eIF4A) of Ihe DEAD box family 
Translation initiation factor 4A (eIF4A) of the DEAD box family 
Translation elongation faclor EF-3A; member of ATP-binding cassette superfamily 

Chaperonin homologous lo E. coli HlpG and mammalian HSP90 

Mitochondrial chapeionin that cooperates with HsplOp; homolog of £ coli GroEL 

Heat-inducrble chaperonin homologous lo £ coli HtpG and mammalian HSP90 

"To-IPsTVprioncon^fon' 0 ' m0 " K,S ,hermo,ole ' anc ' : and "sohrbilizing aggregates of denatured proteins; important for |psi> 
■^Jto n ^f^£%^?$$%!££? '^""> ">' -"location across the endoplasmic reticulum membrane 

Cytoplasmic chaperonc; heat shock protein of the HSP70 family 
Cytoplasmic chaperone; member of Ihe HSP70 family 
Heal shock protein of HSP70 family involved in the iranslalional apparatus 
Heal shock protein of HSP70 famitv, cytoplasmic 

M Z %2ttS$% M«e^«^SMSrif , ' ,h T!m44p ^ 3 Ch:,pCroni " "> ,e " »»" '«*** ° f P»*» 

^ 3 « Sh n° rt Ck , P H°" : "; ' he " SP 7? fami ^ n '"" ic0py su PP ressOT uf mutants with hvperac.ivaled Ras/cvclic AMP pathway 
Siress-rnduced protein required for optimal growth a. high and low temperature; has letralricopeptide repeals 

^S^^t,^^^^ VX^ ,n,ncs ,he seven,h 5,ep in " e novo purhie pa,h ^ 

Glulamalc dehydrogenase (NADP + ); combines ammonia and a-keloglularale to form glutamule 
(jlutaminc synthetase; combines ammonia lo glulamale in ATP-driven reaction 

^b^^%^ h ^' 0, ^^^"^ ATP P>rophosphohyd,olase/his.idinol dehydrogenase; 2nd, 3rd, and lO.h steps of 
^rtfilir^"^' aCid '* du «°™™™) O'pha-keio-phyd.oxy.acy.) reducto 

Saccharopine dehydrogenase fNADP', l.-glulamale forming) (saccharopihe reductase), seventh slep in Ivsine biosvnthesis pathway 

7-Glulamyl phosphate reductase (phosphoglulamale dehydrogenase), proline biosyn.helic enzyme 

Phosphtwcrine Itansaminase; involved in synthesis of serine from 3-phosphoglvcerale 
I ryplophan synthase, last (5lh) slep in tryptophan biosynthesis pathway 

Actin; involved in cell polarization, endocylosis, and other cvloskelelal functions 
Adenylate kinase (GTP.AMP phosphotransferase), cytoplasmic 
Cylosolic acetaldehvde dehj'droeenase 

Beta subunil of FJ ATP synthase; 3 copies are found in each F] oligomer 
Homo og of mammalian 14 3-3 protein; has strong similarity lo Bmh2p 
Homolog of mammalian 14-3-3 protein; has strong simiJaritv to Bmhlp 

l^^A^X^ST ' £<,Ui ' ed «» h0 ->P- "»"*»»« ™°» 

ll^Z^XZ^T^ may be ,a,,: ' ,imi,ine 5,ep in s " : ■ 0, blo ^ ,hesi5 . 

Ran, a Gl P-b.nding p.otein ol Ihe Ras superfamily involved in Itafficking through nuclear pores 
Inorganic pyrophosphatase, cytoplasmic £ ^ 

^^£.^"1^1"' °' °" >Pl:,Sn ' a " l, " UllCm; P: "' ° f ' hc y cn ' S "N'A processing con, pl ex (cleavage faclor I); has 4 RNA 
Mannose-J-phosphale guanyll.ansferase; GDP mannose pyrophosphorylase 
Ribonucleotide reductase small subunil 
5-Adenosylmelhioninc synthetase 1 
5-AdcnosyImelhionine synlhelase 2 
Copper-zinc superoxide dismulase 
Ubiquiiin-aciivating (El) enzyme 

Resembles Iranslalionallv controlled lumor piotein of animal cells and hi°hei plants 
Alkyl hydioperoxidc reductase * F 

Abundanl prolcin wilh effects on Iranslalional efficiency and cell size, has two WD (WD-40) repeats 



:toisomerase); second step in Val 



^ Accepted name horn .he Succhcnxnycn genome dalahase and YI'D. Names in pa.enlhese., icpresenl ,«en, chanees 
Cmnlesy of Prolcomc, Inc.. icpnnlcd wuh |!CrinKsioi.. - 
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FIG. 2. Conclalion of protein abundance with adjusted mRNA abundance. 
The number of molecules per cell of each protein is plotted against the number 
of molecules per cell of the cognate mRNA, with an r p of .0.76. Note the 
logarithmic axes. Data for mRNA were taken from references 27 and 30 and 
combined as described in Materials and Methods. - 



correlation, confirming a strong correlation between CAI and 
protein abundance (Fig. 3). The relationship between CAI and 
protein abundance is log linear from about 1,000,000 to about 
10,000 molecules per cell. We have no data for rarer proteins. 

It is not clear whether CAJ reflects maximum or average 
levels of protein expression. The proteins used for the CA1- 
protein. correlation included some proteins which were not 
expressed al maximum levels under (he condition of the ex- 
periment (Hsc82, Hspl04, Ssal, Adel, Arg4, His4, and others). 
When Ihese proteins were removed from consideration and 
the correlation between CAI and the remaining (presumably 
constitutive) proteins was recalculated, the r s was essentially 
unchanged (not shown). 

The equation describing ihe graph in Fig. 3 is log (protein 
molecules/cell) = (2.3 X CAI) + 3.7. Thus, under certain 
conditions (a CA] of 0.3 or greater: a conslitutively expressed 
gene), a very rough estimate of protein abundance can be 
made by raising 10 to the power of [(2.3 X CAJ) + 3.7]. 

The distribution of CAJ over ihe genome (Fig. 4) consists of 
a lower, bell-shaped distribution, possibly indicating a region 
where there is no selection for codon bias, and an upper, flat 
distribution, starting at a CAJ of about 0.3, possibly indicating 
a region where (here is selection for codon bias. Almost all of 
Ihe proleins whose abundance we have measured are in Ihe 
upper, flat portion of ihe distribution. In the lower, bell-shaped 
region, we do not know whelher there is a correlation between 
CAI and protein abundance. 

Changes in protein abundance in glucose and ethanol. A 
comparison of cells grown in glucose (Fig. 1 A) with cells grown 
in ethanol (Fig. IB) is shown in Table 1. As is well known, 
some proleins are induced tremendously during growth, on 
ethanol. Two striking examples are Ihe peroxisomal enzvmes 
Jell (isocilrate lyase) and Cil2 (citrate synthase), which are 
induced in elhanol by more than 100- and 12-fold, respectively 
(Fig. 1; Table I). These enzymes are key components of the 
glyoxylale shunl, which diverts some acetyl coenzyme A 
(acetyJ-CoA) from ihe tricarboxylic acid cycle to gluconeogen- 
esis. A', ccrevisiae requires large amounts of carbohydrate for its 
cell wall; in elhanol medium, this carbohydrate comes from 
gluconeogenesis, which depends on ihe glyoxylale shunl and 
on the glycolytic pathway running in reverse. The need for 



gluconeogenesis also explains why glycolytic enzymes are 
abundant even in ethanol medium. Thus, 2D gel analysis shows 
the prominence of the glycolytic and glyoxylate shunt enzymes 
. in cells grown on ethanol, emphasizing lhat gluconeogenesis, 
presumably largely for production of the cell wall, is a major 
metabolic activity under these conditions. 

During gluconeogenesis, substrate-product relationships are , 
reversed for the glycolytic enzymes. One might expect that not 
all glycolytic enzymes would be well adapted to the reverse 
reaction. Indeed, 2D gels show thai in ethanol, Adh2 (alcohol 
dehydrogenase 2) is strongly induced (16), while its isozyme 
Adhl is not greatly affected. Adhl and Adh2 each interconvert 
acelaldehyde and elhanol. Adhl has a relatively high K m for 
ethanol (17 mM), while Adh2 has a lower K m (0.8 mM) '(5). 
Thus, it is thought that Adhl is specialized for glycolysis (ac- 
etaldehyde to ethanol), while Adh2 is specialized for respira- 
tion (ethanol to acetaldehyde) (5, 29). Similarly, Enol (enolase 
1) is induced in elhanol, while its isozyme Eno2 (enolase 2) 
decreases in abundance (Table 1) (4, 19). Enol is inhibited by . 
2-phosphogrycerale (the glycolytic substrate), while Eno2 is 
inhibited by phosphoenolpyruvate (the gluconeogenic sub- 
strate) (4). Perhaps Enol has a lower K m for phosphoenol- 
pyruvate than does Eno2, though to our knowledge this has not 
been tested. Thus, the 2D gels distinguish isozymes specialized 
for growth on glucose (Adhl and Eno2) from isozymes spe- 
cialized for ethanol (Adh2 and Enol). 

Many heat shock proleins (e.g., Hsp60, Hsp82, Hspl04, and 
Kar2) were about twofold more abundant in elhanol medium 
than in glucose medium. This is consistent with Ihe increased 
heat resistance of cells grown in ethanol (3). 

Enzymes involved in protein synthesis (Efil, RpaO, and Tifl) 
were about twice as abundant in glucose medium as in ethanol 
medium. This may reflect the higher growth rate of ihe cells in 
glucose: 

Phosphorylation or proteins. To examine protein phosphor- 
ylation, we labeled cells with 32 P and ran 2D gels lo examine 
phosphoproleins. About 300 distinct spots, probably represent- 
ing 150 to 200 proteins, could be seen on pH 4-8 gels (Fig. 5B). 
We then aligned auloradiograms of three gels, each with a 
different kind of labeled protein ( 32 P only [Fig. 5B], 32 P phis 
35 S (Fig. 5A], and 35 S only [not shown, but see Fig. 1 for . 
example]). ]n this way, we made provisional identification of 
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with 2,028 genes with a CA1 between 0.121 and 0.150. 



some of Ihe 32 P-labe)ed spots as particular 3i S-IabeIed spots. 
AJI such identifications are somewhat uncertain, since precise 
alignments are difficult, and of course multiple spots may ex- 
actly comigrate. Nevertheless,. we believe that most of Ihe 
provisional identifications are probably correct. Among the 
major 32 P-labeled proteins are the hexokinases Hxkl and 
Hxk2, the acidic ribosome-associated protein RpaO, Ihe trans- 
lation factors Yef3 and Efbl, and probably Hsp70 heat shock 
proteins of the Ssa and Ssb families. RpaO and Efbl are quan- 
titatively monophosphorylated. 

Many yeast proteins resolve into multiple spots on these 2D 
gels (7). Yef3 has live or more spots, at least four of which 
comigrate with 32 P. Tpil has a major spot showing no 32 P 
labeling and a minor, more acidic spot which overlaps with 
some 32 P label. Tifl has at least seven spots (7); two of these 
overlap with some "P label, but five do not (Fig. 5). Eft! has 
at least three spots (7), and none of these overlap with 32 P, 
although there are three nearby, unidentified 32 P-labe)ed.spots 
(a, c, and d in Fig. 5). Spots that seem to be extra forms of 
Met6, Pdcl, Eno2, and Fbal can be seen in Fig. 6A, but there 
is little 32 P at these positions in Fig. 5. Thus, phosphorylation 
explains some but not all of the different protein isofortns seen. 

The cell cycle is regulated in part by phosphorylation. We 
compared 32 P-labe)ed proteins from cells synchronized in G, 
with o-factor, in cells synchronized in G, by depletion of G, 
cyclins, and in cells synchronized in M phase with nocodazole. 
Only very minor differences were seen, and these were difficult 
to reproduce. The cell cycle proteins regulated by phosphory- 
lation may not be abundant enough for this technique to be 
applied easily. 

Centrifugal fractionation. We fractionated 3 -'S-)abeled ex- 
tracts by centrifugalion (Materials and Methods). Figure 6A 
shows the proteins in Ihe supernatant of a high-speed 
(100,000 X g. 30 min) centrifugalion, while Fig. 613 shows Ihe 
proteins in the pellet of a low-speed (16,000 x g F 10 inin) 
centrifugalion. Many proteins are tremendously enriched in 
one ftaction or the other, while others aie present in both. 



Most glycolytic enzymes (e.g., Tdh2, Tdh3, Eno2, Pdcl, Adhl, 
and Fbal) are enriched in the supernatant fraction. The only 
exception is Pfk] (not indicated), which is found in both pellet 
and supernatant fractions. Many proteins involved in protein 
synthesis (Eftl, Yef3, Prt], Tifl, and RpaO) are in the pellet, 
possibly because of the association of ribosomes with the en- 
doplasmic reticulum. However, Efbl is in Ihe supernatant, as is 
a substantial portion of the Eftl. Perhaps surprisingly, several 
mitochondrial proteins (Atp2 [not shown] and llv5) are largely 
in the supernatant. Perhaps glass bead breakage of cells re- 
leases mitochondrial proteins. The nuclear protein Gspl is in 
the pellet fraction. The enrichment produced by centrifugalion 
makes it possible to see minor spots which are otherwise poorly 
resolved from surrounding proteins. Figure 6B shows that the 
previously identified Tifl spot is surrounded by as many as six 
other spots that cofraclionale. We observed six identical or 
very similar additional spots when we overexpressed Tifl from 
a high-copy-number plasmid (not shown). Signal overlaps only 
one or two of these spots in 32 P-labeling experiments (Fig. 5), 
and so the different forms are not mainly due to different 
phosphorylation slates. 

DISCUSSION 

Our experience with developing a 2D gel protein database 
for S. cerev'tsiae is summarized here. With current technology, 
we can see the most abundant 1,200 proteins, which is about 
one-third to one-quarter of the proteins expressed. The re- 
maining proteins will be difficult to see and study with the 
methods that we have used, not because of a lack of sensitivity 
but. because weak spols are covered by nearby strong spots. 

Of the 1,200 proteins seen, we have identified 148, with a 
bias toward the most abundant proteins. Steady application of 
the methods already used would allow identification of most of 
the remaining proteins. Gene overexprcssion will be particu- 
larly useful, since it is not affected by the lower abundance of 
l lie remaining visible proteins. 
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2D gels of the kind thai we have used are not suitable for 
visualization of rare proteins. However it will be possible to 
study on a global basis metabolic processes involving relatively 
abundant proteins, such as protein synthesis, glycolysis, glu^ 
coneogenesis, amino acid synthesis, cell wall synthesis, nucle- 
otide synthesis, lipid metabolism, and the heat shock response. 

Gygi et al. (10) have recently completed a study similar to 
ours. Despite generating broadly similar data, Gygi et al. 
reached markedly different conclusions. We believe thai both 
mRNA abundance and codon bias are useful predictors of 
protein abundance. However, Gygi et al. feel that mRNA 
abundance is a poor predictor of protein abundance and that 
"codon bias is not a predictor of either protein or mRNA 
levels" (10). These different conclusions are partly a matter of 
viewpoint. Gygi et al. focus on the fact that the correlations of 
mRNA and .codon bias with protein abundance are far from 
perfect, while we focus on the fact that, considering the wide 
range of mRNA and protein abundance and the undoubted 
presence of other mechanisms affecting protein abundance, 
the correlations are quite good. 

However, the different conclusions are also partly due to 
different methods of statistical analysis and to real differences 
in data. With respect to statistics, Gygi et al. used the Pearson 
product-moment correlation coefficient (r ) to measure the 
covarjance of mRNA and protein abundance. Depending on 
the subset of data included, their r values ranged from 0.1 to 
0.94. Because of the low r p values with some subsets of the 
data, Gygi et al. concluded that the correlation of mRNA to 
protein was poor. However, the r correlation is n parametric 
statistic and so requires variates following a bivariale normal 
distribution; that is, it would be valid only if both mRNA and 
protein abundances were normally distributed. In fact, both 
distributions are very far from normal (data not shown), and so 
a calculation of r is inappropriate. There was no statistical 
backing for the assertion that codon bias fails to predict pro- 
tein abundance. 

We have taken two statistical approaches. First, we have 
used the Spearman rank correlation coefficient (r,). Since this 
statistic is nonparametric, there is no requirement for the data 
to be normally distributed. Using the r s> we find that mRNA 
abundance is well correlated with protein abundance (r, = 
0.74), and the CA1 is also well correlated with protein abun- 
dance (r s = 0.80) (and also with mRNA abundance [data not 
shown]). For the data of Gygi et al. (10), we obtained similar 
results, though with their data the correlation is not as good; r s 
= 0.59 for the mRNA-to-prolein correlation, and r s = 0.59 for 
the codon bias-lo-protein correlation. 

In a second approach, we transformed the mRNA and pro- 
tein data to forms where they were normally distributed, to 
allow calculation of an r p (Materials and Methods). Two trans- 
formations, Box-Cox and logarithmic, were used; both gave 
good correlations with our data [e.g., r p = 0.76 for lbg(adjusted 
RNA) to log(protein)). Wc were not able to transform the data 
of Gygi et al. to a normal distribution. 

Finally, there are also some differences in data between the 
two studies. These may be partly due to the different measure- 
ment techniques used: Gygi el al. measured protein abundance 
by cutting spots out of gels and measuring the radioactivity in 
each spot by scintillation counting, whereas we used phospho- 
rimaging of intact gels coupled to image analysis. We com- 
pared our data to theirs lor the proteins common between the 
studies (but excluding proteins whose mRNAs are known to 
differ between rich anil minimal media, and excluding Tif'l, 
which was anomalous in differing bv 100-Jold between the two 
data sets). The r s between the two protein data sets was 0.88 
[P < 0.0001). Although this is a strong correlation, the fact that 
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it is less than 1.0 suggests that there may have been errors in 
measuring protein abundance in one or both studies. After 
normalizing the two data sets to assume the same amount of 
protein per cell, we found a systematic tendency for the protein 
abundance data.of Gygi et al. lo be slightly higher than ours for 
the highest-abundance proteins and also for the lowest-abun- 
dance proteins but slightly lower than ours for the middle- 
abundance proieins. These systematic differences suggest some 
systematic errors in protein measurement. Although we do. not 
know what the errors are, we suggest the following as a rea^. 
sonable speculation. For the highest-abundance proteins, we 
may have underestimated the amount of protein because of a 
slightly nonlinear response of the phosphorimager screens. For 
the lowest-abundance proteins, Gygi et al. may have overesti- 
mated the amount of protein because of difficulties in accu- 
rately anting very small spots out of the gel and because of 
difficulties in background subtraction for these small, weak 
spots. The difference in the middle abundance proteins may be 
a consequence of normalization, given the two errors above. 

The low-abundance proteins in the data set of Gygi et al. 
have a poor correlation with mRNA abundance. We calculate 
that the r s is 0.74 for the lop 54 proteins of Gygi et a), but only 
0.22 for the bottom 53 proteins, a statistically significant dif- 
ference. However, with our data set, the r s is 0.62 for the top 33 
proteins and 0.56 (not significantly different) for the bottom 33 
proteins (which are comparable in abundance to the bottom 
53 proteins of Gygi et al.). Thus, our data set maintains a good 
correlation between mRNA and protein abundance even at 
low protein abundance. This is consistent with our speculation 
that protein quantification by phosphorimaging and image 
analysis may be more accurate for small, weak spots than is 
cutting out spots followed by scintillation counting. Our rela- 
tively good correlations even for nonabundant proteins may 
also reflect the fact that we used both SAGE data and RNA 
hybridization data, which is most helpful for the least abundant 
mRNAs. In summary, we feel that the poor correlation of 
protein to mRNA for the nonabundant proteins of Gygi el al. 
may reflect difficulty in accurately measuring these nonabun- 
dant proteins and mRNAs, rather than indicating a truly poor 
correlation in vivo. It is not surprising that observed correla- 
tions would be poorer with less-abundant proteins and 
mRNAs, simply because the accuracy of measurement would 
be worse. 

How well can mRNA abundance predict protein abun- 
dance? With r p =■ 0.76 for logarithmically transformed mRNA 
and protein data, the coefficient of determination, (r p ) J , is 0.58. 
This means that more than half (in log space) of the variation 
in protein abundance is explained by variation in mRNA abun- 
dance. When converted back to arithmetic values, protein 
abundances vary over about 200-fold (Table 1), and (r p ) 2 = 
0.58 for the log data means that of . this 200-fold variation, 
about 20-fold is explained by variation in the abundance of 
mRNA and about 10-fold is unexplained (but could be due 
partly to measurement errors). For proieins much less abun- 
dant than those considered here, we imagine the in vivo cor- 
relation between mRNA and protein abundance will be worse, 
and other regulatory mechanisms such as protein turnover will 
be more important. 

Some important conclusions can be drawn from this sam- 
pling of the proleome. First, there is an enormous range of 
protein abundance, from nearly 2,000,000 molecules per cell 
for some glycolytic enzymes lo about 100 per cell for some cell 
cycle proieins (26a). Second, about half of all cellular protein 
is found in fewer than 100 different gene products, which are 
mostly involved in carbohydrate metabolism or protein synthc- 
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sis. Third, the correlation between protein abundance and CAI 
is log linear as far as we can see, which is from about 10,000 
protein molecules per cell to about 1,000,000. This is somewhat 
surprising, because it implies that selective forces for codon 
bias are significant even at moderate expression levels. It also 
means that codon bias is a useful predictor of protein abun- 
dance even for moderately low bias proteins. Fourth, there is a 
good correlation between protein abundance and mRNA 
abundance for the proteins that we have studied. This validates 
the use of mRNA abundance as a rough predictor of protein 
abundance, at least for relatively abundant proteins. Fifth, for 
these abundant proteins, there are about 4,000 molecules of 
protein for each molecule of mRNA. This last conclusion 
raises questions as to how the levels of nonabundarit proteins 
are regulated and suggests that protein instability, regulated 
translation, suboplimal rates of translation, and other mecha- 
nisms in addition to transcriptional control may be very impor- 
tant for these proteins. 
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PRE-TRANSLATIONAL REGULATION OF CYTOCHROME 
P450 GENES IS RESPONSIBLE FOR DISEASE-SPECIFIC 
CHANGES OF INDIVIDUAL P450 ENZYMES AMONG 
PATIENTS WITH CIRRHOSIS 

JACOB GEORGE, CHRISTOPHER LIDDLE, MICHAEL MURRAY, 
KAREN BYTH and GEOFFREY C FARRELL* 
Storr Liver Unit, Department of Gastroenterology and Hepatology, University of Sydney at 
Westmead Hospital, Westmead, NSW 214S, Australia 

(Received 7 April 1994; accepted 6 November 1994) 

Abstract— We have recently reported that disease-specific differential alterations in the hepatic 
expression of xcnohiotic-mctabolizing cytochrome P450 (CYP P450) enzymes occur in patients with 
advanced liver disease. In order to determine whether the observed changes in CYP proteins are 
modulated at pre- or rwst-translational levels, we have now examined the hepatic levels of mRNA for 
CYPs 1A2, 2C9, 2E1 and 3A4 by solution hybridization in the same livers o{ 20 controls (surgical waste 
from histologically normal livers), 32 cases of hepatocellular and 18 of cholestatic severe chronic liver 
disease. CYP1A2 mRNA and CYP1A immunoreactivc protein were both reduced in livers with 
hepatocellular and cholestatic types of cirrhosis. In contrast, CYP3A4 mRNA and protein were reduced 
only in livers from patients with hepatocellular diseases. For 1A2 and 3A4 there were significant 
con-elations between mRNA species and the respective protein contents (r stAl <"Q.i4, r aA4 = 0.64, 
P<0.0001). CYP2C9 mRNA was reduced in patients with both cholestatic and hepatocellular types of 
liver disease, but 2C protein was reduced only in patients with cholestatic dysfunction. The correlation . 
between CYP2C9 mRNA and protein, was also significant f> s = 0.36, P<0.005) but mRNA levels 
accounted for only 13% of the variability in protein rankings. This is probably a consequence of other 
CYP2C proteins apart from 2C9 being detected by the anti-2C antibody. CYP2E1 mRNA and protein 
were reduced in patients with cholestatic liver disease, but in hepatocellular disease the expression of 
only CYP2E1 mRNA was decreased. CYP2E1 mRNA was significantly correlated with CYP2EI protein ' 
hut accounted for only 18% of the variability in protein rankings (r 5 = 0.43, P<0-0005), Taken 
collectively these data indicate that the disease-specific alterations of xenobiotic-mctabolizing CYP 
enzymes among patients with cirrhosis is due, at least in part, to prc-translational mechanisms. The 
lack of a strong correlation between CYP2E1 mRNA and protein suggests that this gene, like its rat 
orthologuc, may be subject to pre-translational as well as translations! and/or post-translational 
regulation. 

Key words: cytochrome P4S0; CYP; CYP regulation; CYP1A2; CYP2E1; CYP2C9; CYP3A4; human 
cirrhosis: liver disease 



The cytochrome P450s comprise a supcrfamily of 
enzymes that play a major role in the detoxification 
of foreign compounds (xenobiotics) and in the 
metabolism of endogenous lipids. To date, 221 CYPt 
genes and 12 putative pseudogenes have been 
described in 31 eukaryotc and 11 prolcaryote species. 
Twelve gene families and 22 Subfamilies have been 
described in man; 17 have been mapped to the 
genome [1], The recommended nomenclature has 
been adopted in the present work; in some cases the 
CYP term has been dropped, e.g. 2E1 instead of 
CYP2E1[1]. 

In man, members of the CYP1, 2 and 3 families 
are predomi nan tly involved in the hepatic m etabolism 
ol xenobiotics including drugs and environmental 
pollutants. Induction by these substances at the 
gene, mRNA Or protein level may alter CYP 

* Corresponding author: FAX (612) 635 7582. 

t Abbreviations: cDNA, complementary DNA; cRNA, 
complementary RNA; CYP P450, cytochrome P450; IgG, 
immunoglobulin G; tNA, total nucleic acid; UTP, uridine 
triphosphate. 



expression and catalytic function. The expression of 
CYP, enzymes is subject to large inter-individual 
variation; in man, genetically determined poly- 
morphisms in drug oxidation, and developmental 
and tissue-specific regulation of some CYP isoforms 
have been described [2-4]. CYP expression may also 
be modulated by hormones, cytokines and disease 
states. 

The regulation of CYP expression is complex 
involving transcriptional, post-transcriptional and 
post-lranslational events. Neonatal imprinting, sex- 
specific and sex-independent developmental 
expression, and tissue-specific regulation have been 
described in animals [5]. Although liver disease 
appears to decrease pathways of hepatic drug 
metabolism, the expression and regulation of 
individual CYPs is uncertain. In oioo studies have 
shown that drug metabolism is significantly altered 
in' severe' liver disease [6-9]- However, the 
contribution.of confounding variables such as hepatic 
blood flow, hepaiocyte number and interference by 
co-adminislercd drugs cannot be estimated or 
eliminated by this approach. We have recently shown 
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in vitro, using isoform-spccilic catalytic activities and 
protein immunoquantitation, that 1A2, 2C, 2E1 and 
3A proteins are differentially altered in patients with 
different types of end stage chronic liver disease 
[10]. In order to determine whether the observed 
changes in CYP protein content could he due to 
impaired gene-specific protein synthesis, wc now 
report the results of a systematic determination of 
hepatic mRN A levels for key protein representatives 
of the above CYP subfamilies. 

MATERIALS AND METHODS 

Materials. All chemicals were of analytical grade 
or similar purity and unless otherwise stated were 
from either Sigma (Sydney, Australia), Boehringer 
Mannheim (Sydney, Australia), or Merck (Darm- 
stadt, Germany). 

Human tissue. The protocols foT experiments on 
human tissue were approved by the Human Ethics 
Committees of the Western Sydney Area Health 
Service and the Royal Prince Alfred Hospital, 
Sydney. Informed consent was obtained from the 
subjects. 

The study population comprised 70 patients whose 
clinical characteristics have been reported elsewhere 
[10]. Briefly, morphologically normal liver was 
obtained from 20 patients undergoing hepatobiliary 
surgery for the resection of benign (N = 4) or 
malignant turrjors (N = 14), or other conditions (N = 
2). Cirrhotic liver was obtained at the time of. 
orthotopic liver transplantation from 50 patients 
with advanced hepatic disease. Diagnoses were 
according to conventional criteria as recognized by 
the International Hepatology Informatics Group 
[11]. Tissue from the superior surface of the right 
lobe of the liver was obtained from patients with 
cirrhosis, and where possible (subjects undergoing 
right hepatic lobectomy) from this same region in 
controls. 

Within 15 min of surgical removal, blocks of liver 
tissue (weight 30-50 g) from control and diseased 
patients were snap frozen in liquid nitrogen and 
stored at -70°. Aliquots of liver (weight 250-500 mg) 
were stored separately under the same conditions 
for the extraction of nucleic acids. 

Data obtained from perusal of patient records 
included: age, sex, diagnosis, liver histology, 
presence and nature of non-hepatic disease, 
previous surgery (including portosystemic shunts), 
concomitant infection, a semiquantitative assessment 
of nutritional status, and immediate (previous week) 
and past history of cigarette smoking or alcohol 
consumption. The results of liver tests,- the serum 
albumin concentration, prothrombin time, and 
investigations performed to confirm the clinical 
diagnosis were noted. Using the criteria of Child, as 
modified by Pugb, a functional assessment of the 
severity of liver disease was obtained [12]. 

All medications consumed in the 2 weeks prior to 
surgery were recorded. Drugs were classified 
according to their ability to induce or inhibit CYPs; 
this information for individual drugs was ascertained 
by searching the Medline database. 

Preparation and storage of microsomes. Micro- 
somes were prepared from liver tissue within 3 weeks 



of collection, using differential ultraccntrifugation as 
previously described [13]. The resulting microsomal 
pellets were resuspended in 50 mM potassium 
phosphate buffer (pH 7.4) containing 1 mM EDTA 
and 20% glycerol. Microsomes were snap frozen in 
liquid nitrogen and stored at -70°. CYP proteins 
were immunoquantitated within 8 weeks. Storage 
for this duration did not alter the protein content of 
microsomes. 

Immunoquantilaiion of microsomal proteins. 
Reagents for electrophoresis and jmmunoblotting 
were from BioRad (Richmond, CA, U.S.A.). The 
microsomal content of CYPJA2, 2C, 2E1 and 3A 
was quantitated by jmmunoblotting [15] after 
electrophoresis on 7.5% polyacrylamide gels in SDS 
and transfer to nitrocellulose membranes [16], as 
described previously [10]. Immunoblotting reactions 
were performed following incubation with primary 
antibody, and then ^incubation with a combination 
of ,2S l-labelled and peroxidase-labellcd anti-sheep 
(1A2) or anti-rabbit IgG (2C, 2E1, 3A). Immu- 
noreactive proteins were visualized with 4-chloro-l- 
naphlhol/hydrogen peroxide, excised and radio- 
activity determined by gamma counting. Because 
authentic standards of the human CYPs of interest 
were not available, a single microsomal preparation 
was selected as a "control" with which to compare 
other samples. Patient samples were clcctrophoresed 
in duplicate and results expressed as a percentage 
"of that in the "control". 

The following polyclonal anti-CYP IgGs were 
used in immunochemical studies. Anti-rabbit 
CYP1A2 IgG raised in sheep was a gift from Dr P. 
Maurcl (INSERM U 128, Montpellier, France). This 
antibody apparently recognized two proteins in rat 
microsomes (1A1 and 1 A2), but only a single protein 
jo human liver tissue (1A2). Anti-human CYP2C 
IgG generated in Tabbit was a gift from Dr P. H. 
Bcaune (Chu Neckcr, INSERM U 75, Paris, France) . 
The extent of sequence similarity between members 
of the 2C gene subfamily in man suggests that this 
antibody would detect other 2C proteins in liver. 
Anti-human CYP2E1 IgG Taised in rabbit was a 
gift from Dr M. Ingelman-Sundberg (Karolinska 
Institute, Stockholm, Sweden) and recognized a 
single protein in human liver. Rabbit anti-human 
CYP3A4 IgG was a gift from Dr F. P. Guengerich 
(Vandexbilt University, ' Nashville, Tennessee, 
U.S.A.). Given the amino acid sequence similarity 
between the various human 3A subfamily proteins, 
this antibody probably also recognizes 3A3, 3A5 
and3A7. 

Isolation of total nucleic acid. Total nucleic acids 
(tNA) were isolated from liver tissue by proteinase 
K digestion followed by phenol-chloroform extrac- 
-tion as previously described [17]. tNA content 
was determined spectrophotometrically from the 
absorbancc at 260 nm. The concentration of DNA 
was quantified using the method of Labarca and 
Paigen [18]. 

Solution hybridization analysis of CYP mRNAs. 
The relative abundance's Of the mRNAs for CYPLA2, 
2C9, 2E1 and 3A4 were determined by the method 
Of Melton et al. [19], using P 5 S]UTP (1000 Ci/mmol, 
Amersham, Sydney, Australia) labelled cRNA 
probes transcribed.™ vitro using a commercial kit. 
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Fig. 1. CYP1A2 mRNA levels in control (CON) patients (N = 20) and in those with hepatocellular 
(HC, N = 32) and cholestatic (CHOL, N = 18) liver disease. Data are presented as box plots; the 
median values are indicated by the bar within the shaded areas, which in turn comprise the 25lh to 
75th percentiles. Error bars denote 10th and 90th percentiles. *P<0.0005 relative to controls. 



(Riboprobe, Promega Inc, Sydney, Australia). 
Extensive computer assisted sequence comparisons' 
for all known human cDNAs, particularly human 
CYP sequences, were carried out in order to 
minimize cross-hybridization with Other genes. Probe 
sequences were as follows: CYP1A2, bases 686-735 
of the published sequence [20]; CYP2C9, bases 
1543-1625 [21]; CYP2E1, bases 525-574 [22]; and 
CYP3A4, bases 1716-1765 [23]. Probe sequences 
were obtained by synthesis of both DNA strands 
followed by annealing and ligation as previously 
described [24]. The 2C9 sequence was obtained by 
reverse transcriptase polymerase chain reaction using 
RNA extracted from human liver and primers whose 
sequences were derived from the published cDNA 
sequence. AH probe sequences were Iigated into the 
polylinker region of the pGEM 3Z plasmid vector. 
Maximum sequence similarities of the probes to 
CYPs within the same family or subfamily were - 
CYP1A2, <50%; CYP2C9, 80%; CYP2E1; <50%; 
CYP3A4, 82%. The greatest similarity between the 
CYP3A4 probe and other CYP3A sequences was 
with the fetal form CYP3A7, which is expressed in 
<50% of adults and accounts for <5% of total CYP 
content in adult liver microsomes [4]. It has been 
demonstrated previously that, under conditions .of 
high stringency, this degree of similarity does not 
result in cross-reactivity between probes [24]. 

Optimal assay conditions with regard to tem- 
perature were determined for each probe, being set 
at 5-10° below the melting point of the labelled 
RNA-RNA hybrid. The following hybridization 
temperatures were used: CYP1A2, 75°; CYP2C9 
<35°; CYP2E1, 75° and CYP3A4, 70°. Hybridization 
of aljquots of INA were performed in triplicate. The 
hybridization mix (40 fiL), consisted of tNA sample 
(5, 7.5 and 10 fJL), 06 M Nad, 22mM Tris 
HC1 (pH7.5), 5mM EDTA, 0.1% SDS, ImM 



dithiothreitol, 20% dcionized formamide, transfer 
RNA (1.23 fig), and approximately 30,000 cpm of 
probe. AfteT overnight incubation at the apposite 
temperature, samples were exposed to RNase in a 
lmL reaction mixture containing 0.3 M NaCI, 
10 mM Tris HC1 (pH7.5), 2mM EDTA, salmon 
sperm DNA (0.1 mg), RNase A (40 #g) and RNase 
Tl (500 U) for 45 min at 37°. Undigested hybrids 
were precipitated by the addition of 100 fiL of 6 M 
trichloroacetic acid, and collected by vacuum 
filtration onto glass-fiber filters. Specific activity was 
determined by liquid scintillation spectrometry. 

Standard curves were constructed for each assay 
using tNA extracted from a control liver. This 
confirmed linearity of probe ' hybridization ' and 
allowed for comparisons of results between assays. 
mRNA determinations from patient samples were 
within the linear region of the. standard curve. 
Samples run without the addition of nucleic acid 
were used to determine background radioactivity. 
The adequacy of probe input was checked using 
probe solution thai was not exposed to RNase. 
Results were expressed in cpm/^g DNA. 

Statistical analyses. Results were analysed by non- 
parametric methods because examination of the data 
for frequency distributions of mRNA and protein 
quantitation revealed that these were not normally 
distributed. The Mann-Whitney U test was used for 
two group comparisons and the Kruskal-Wallis test 
if more than two groups. The Bonferroni correction 
was used to adjust for multiple comparisons. 
Correlations between mRNA and protein content 
were expressed as Spearman rank correlations (r s ). 
Data'were analysed ona digital computer (Macintosh 
SE, Apple Computer, Cupertino', CA, U.S.A.) and 
a commercial statistical package (Statvicw 512+ , 
Brain Power Inc, Calabasas, CA, U.S.A.). The 
significance level for all tests was P<0.05. • 
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RESULTS 



Characteristics of patients studied 

The clinical and other characteristics of the patients 
have been described elsewhere [10]; there were no 
important differences between groups in relation to 
age, gender or the severity of liver disease. The 20 
control subjects had normal biochemical and 
hematological indices, and histology of hepatic tissue 
used for subsequent analysis was normal. Patients 
with liver disease had cirrhosis confirmed on biopsy. 

Five control subjects consumed alcohol (5=10 g/ 
day) and 5 patients (3 controls, 2 cirrhotics) were 
current smokers (>5 cigarettes/day). Because 
alcohol induces 2E1 [22], and cigarette smoking 
increases levels of 1A2 [25], these patients were 
excluded from statistical analysis of the 2E1 and 1A2 
data, respectively. Eight controls were currently 
consuming prescribed drugs, but none were taking 
compounds known to induce or inhibit the CYPs of 
interest. Patients with liver disease were usually 
taking multiple medications. The majority of drugs 
were either without effect (based on literature 
information) or were reversible inhibitors of CYP 
mediated metabolism (including the fluoro- 
quinolones, acetaminophen, cimelidine and anti- 
hypertensives). The latter compounds are likely to 
be removed in the wash steps performed during the 
preparation of microsomes. None of the patients 
received drugs that have been associated with 
mechanism-based inhibition of CYP enzymes [26]. 
Compounds known to induce CYPs included 
rifampicin (received by 3 patients), omeprazole 
{2 patients) and the glucocorticoids prednisone, 
hydrocortisone or dcxamethasone (13 patients with 
hepatocellular and 1 patient with cholestatic liver 
disease)'. 

Microsomal CYP protein content in control and 
diseased liver 

These results have been reported previously [101, 
but are s umm arized here in order to permit 
comparison with the mRNA data. Microsomal 3A 
proteiD was decreased only in hepatocellular disease, 
while 1A2 protein was reduced in microsomes from 
patients with hepatocellular and cholestatic types of 
hepatic dysfunction. In contrast, immunorc active 
levels of 2E1 were maintained- in hepatocellular 
disease but were decreased in livers from patients 
with cholestatic forms of cirrhosis. 2C protein was 
decreased jn patients with cholestatic disease. There 
was a trend that suggested decreased 2C protein in 
hepatic microsomes from patients with hepatocellular 
disease, but this did not attain statistical significance. 

CYP-specific mRNA levels in control and diseased . 
liver 

Large inter-individual variations (up to three 
orders of magnitude) were noted in the CYP-specific 
mRNA content of hepatic tissue from controls and 
patients with advanced hepatic disease... ..This 
variability in mRNA expression was greatest for 
CYP3A4. Thus CYP1A2, CYP2C9, CYP2E1 and 
CYP3A4 mRNA levels varied 14-, 9-, 11- and 136- 
fold in control subjects. In cirrhotic liver, this 
variability was even more Striking being 56-, 17-, 44- 



and 1200-fold with regard .to CYP1A2, CYP2C9, 
CYP2E1 and CYP3A4, respectively (Figs 1-4). 

CYP1 A2 mRNA levels were decreased in patients 
with both hepatocellular (P<0.0005) and cholestatic 
(P<0.0005) forms of cirrhosis (Fig. 1). In contrast, 
CYP3A4 mRNA was reduced in patients with 
hepatocellular disease (P<0.001) but was maintained 
in those with chronic cholestatic conditions (Fig. 4). 
CYP2C9 and CYP2E1 mRNA concentrations were 
significantly lower in patients that had either type of 
liver disease compared to controls (P<0.05) (Figs 2 
and 3). 

Correlations between CYP mRNA and content of 
corresponding CYP proteins 

Significant correlations were noted between 
mRNA levels and protein content for CYP1A2 (r s = 
0.74, P<0-0001) and CYP3A4 (r s = 0.64, P<0.0001) 
(Table 1, Fig. 5). For these two proteins, mRNA 
levels accounted for 55% (CYP1A2) and 41% 
(CYP3A4) of the data variance ift protein rankings. 
The relationship between CYP2C9 and CYP2E1 
roRNA concentrations and their corresponding 
protein concentrations, were statistically significant 
('S2C9 " °- 36 > P<0-0°5. 'szm = 0.43, P<0.0005), but 
mRNA levels accounted for a much Smaller 
proportion of the variability in protein rankings 
(13% and 18%, respectively) (Table 1). 

DISCUSSION 

To our knowledge, no previous studies have 
examined the influence of advanced hepatic disease 
on CYP mRNA expression. Studies on normal tissue 
attest to the difficulty of interpreting such data. 
Using RNAse protection assays, Palmer ef al. [27], 
noted large inter-individual variations in the 
expression of four CYP mRNA species in normal liver 
tissue. CYP1A2 and CYP2C mRNA concentrations 
displayed a 30-fold inter-subject variation, while 10- 
and 1000-fold differences were noted for the mRNAs 
encoding CYP2B and CYP2A, respectively. Using 
cDNA probes and Northern hybridization, Forrester 
et al. [28], examined the expression of CYP1AJ, 
CYP2A6, CYP2B6, CYP2C8, CYP2D6, CYP2E1 
and CYP3A3 in 12 livers from renal transplant 
donors. Again extremely large variations were noted 
in mRNA levels from samples. Moreover correlations 
between- mRNA values and the content of the 
respective CYP proteins were poot. This discrepancy 
did not appear to be related to the integrity of the 
mRNA because, in samples where the mRNA levels 
encoding a particular CYP were low, other CYP 
isoform-specific mRNAs were highly expressed. 
Ratanasavanh et al. [29], correlated the levels of 
CYP2C and CYP3A mRNA in nine histologically 
normal livers (two fetal, two new boms, three 
children and two adults) with immunochemically 
determined 2C and 3A protein content. The cDNAs 
used recognized all mRNA species from the 
corresponding subfamily._CYP3A mRNA levels 
roughly paralleled "those~of 3A protein (r = 0 7) , 
P<0.05). While there was a correlation between 2C 
mRNA andprotein(r = 0.66), this was not significant 
(P = 0.07) perhaps as a consequence of the small 
sample size. 'Thus, the few studies exploring 
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Fig. 2. CYP2C9 mRNA levels in control (CON) patients (N = 20) and in those with hepatocellular 
(HC, N = 32) and cholestatic (CHOL, N = 18) liver disease. Method of data presentation is the same 
as for Fig. 1. *P<0.05 relative to controls. 
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Fig. 3. CYP2E1 raRNA levels in control (CON) patients (N = 20) and in those with hepatocellular 
(HC, N = 32) and cholestatic (CHOL, N = 18) Kver disease. Method of data presentation is the same 
• as for Rg. 1. *P<0. 005 relative to controls. 



relationships between CYP mRNA and the immu- 
norcactive protein products in heallhy liver tissue 
have failed to find striking correlations. 

It has been reported, by in situ hybridization, that 
the apparent concentrations of CYP2A and CYP2B 
mRNAs were increased in two cirrhotic patients 
compared to controls. Signals were particularly 
intense" in isolated hepatocytes at the "junctions' 
between fibrous septa and hepatic nodules. Hybrid- 
ization using CYP3A and CYP2C probes gave 
weak signals compared to controls [30]. Using 
immunohistochemical techniques, Ratanasavanh el 



al. [29] examined the intralobular distribution of 
1A2, ,2C and 3A proteins in four patients with 
cirrhosis. Striking variability in inimunoreaaivity for 
all three proteins was noted between hepatocyte 
nodules in cirrhotic liver. 

Wc have shown previously that there are disease- 
specific alterations in CYP protein expression and ■ 
catalytic activities inpatients with advanced liver- 
disease [10], The current study extends this' 
work, demonstrating disease-specific' alterations in' 
CYP1A2 and CYP3A4 mRNA. CYP1A2 mRNA, 
in tandem with changes in 1 A2 protein, was reduced . 
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Rg. 4. CYP3A4 mRNA levels in control (CON) patients (N = 20) and in those with hepatocellular 
(HC, N = 32) and cholestatic (CHOL, N = 18) liver disease. Method of data presentation is the same 
as for Fig. I . A single extreme value (2438 cpm//ig DNA) has not been drawn in the CHOL group to 
facilitate preparation of the figure. •P<0.001 relative to controls. 



Table 1. Correlations between hepatic content of CYP- 
' specific mRNA and related microsomal protein 



CYP 


r S 


P value 


1A2 


0.74 


P< 0.0001 


2C 


0.36 


P< 0.005 


2E1 


0.43 


P< 0.0005 


3A 


0.64 


P< 0.0001 



r s is the Spearman rank correlation. The data were 

derived from 20 control and 50 cirrhotic livers (see 
Materials and Methods). 



in patients with cither hepatocellular or cholestatic 
types of liver disease. In contrast, CYP3A4 mRNA 
(and 3A protein) was reduced in patients with 
hepatocellular disorders but appeared 10 be 
maintained in those with chronic cholestatic disease. 
Close correlations were evident between mRNA and 
protein levels for these two isoforms. These data 
indicate that the disease-specific alterations observed 
in 3A and 1A2 protein can be partly accounted for 
by altered pre-translational regulation of the CYP 
genes for' these .'•isoforms. Further, such pre- ■ 
translatioria] regulation accounts for at least 40-55% 
of the variability of these protein rankings. It is 
acknowledged that there are several reasons why 
levels of mRNA may be reduced, such as decreased 
CYP transcription and/or enhanced mRNA 
turnover. Which of tbese are operative in chronic 
liver disease requires further study. 

CYP2C9 and CYP2E1 mRNA species were 
diminished in all cirrhotic livers, including those 
with hepatocellular and cholestatic disease. This 
observation is consistent with the suggestion that the , 



mRNAs corresponding to these enzymes arc at least 
partly subject to regulation at the pre-translational 
level. In contrast, protein quantitation revealed that 
2C and 2E1 proteins were significantly reduced only 
in patients with cholestatic liver disorders, the 
median values compared to controls being reduced 
by 66% for 2C and 51% for 2E. There was a 
tendency towards a reduction in the median values 
of 2C (43%) but not of 2E1 (19%) protein in 
hepatocellular disease. 

The polyclonal anti-human 2C9 antibody used in 
our studies recognized one protein in immunoblotting 
analyses of human microsomes. Given the high 
degree of sequence similarity between the various 
proteins in this subfamily, this signal most likely 
represents a summation of the changes in the 
levels of all members of the CYP2C subfamily. 
Immunoreactive 2C protein in the present study was 
decreased in microsomes from patients with 
cholestatic disease. There was also a trend suggesting 
a decrease in microsomes from patients with 
hepatocellular disease, a rinding broadly reflecting 
those obtained by CYP2C9 mRNA quantitation. 
According to the selected sequences for the solution 
hybridization assay, it is likely that the CYP2C9 
mRNA probe used recognizes CYP2C9 but not 
CYP2C8, CYP2C10, CYP2C17, CYP2C18 or 
CVP2C19- The correlation between 2C protein and 
mRNA levels, while significant (P<0.005), was not 
as close (r s = 0.36) as that observed for CYP1A2 
and CYP3A4. The complexity of the genes within 
the CYP2C subfamily and the lack of specificity of 
"the polyclonal antibody 'uscd in the" present study 
are factors thai probably account for this finding. 

Wniie the regulation of CYP2E1 in man has not 
been elucidated; its expression in rat liver appears 
to be modulated at several points.. Transcriptional 
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"Fig. 5. Scatter plors of CYP mRNA content versus relative microsomal protein in 70 patterns for 
CYP1A2 (A), CYP3A4 (B), CYP2C9 (C) and CYP2E1 (D). Values are Spearman rank correlation 
coefficients (r s ). Correlations were highly significant (f , i A2 , ml , 3A 4<0.0001, P 2[3 i<0.005, V m <0.O0OS). 



activation during development [22] and pre- 
tTanslational activation with increases in mRNA 
levels have been observed in experimental diabetes, 
fasting, ethanol feeding and during kctosis induced 
by a highfat diet [31-34] . Translational regulation and 
post-translational modulation by protein stabilization 
without elevation of CYP2E1 mRNA occur after 
exposure to substrates such as acetone, ethanol and 
pyridine [35-37].' Growth hormone and carbon 
tetrachloride may decrease the expression of this 
protein [38,39]. In man, enhanced expression of 
2E1 protein has been noted in alcoholics and in 
patients treated with the inducing agent isoniazid 
[40, 41]. Pre-translational control may be important 
in such regulation [42], though other studies have 
not confirmed this [43]. 

While we have demonstrated decreased levels of 
hepatic CYP2E1 mRNA in patients with liver 
disease, the lack of close correlation (r s = 0.43) 
between protein and mRNA would snggest that 
differential protein stabilization or post-tran- 
scriptional regulation may also occur in man. In a 
study of nine healthy human liver samples, Wrighton 
et al. [43] found a similar lack of correlation between 
the amount of CYP2E1 mRNA and 2E1 protein. 



There are several factors that could account for the 
findings on 2E1 protein expression which have been 
noted in the present study as well as by others [44]. 
Increased stability of 2E1 protein and/or increased 
translation of 2E1 mRNA could occur in patients 
with hepatocellular disease; it is possible that 
opposite influences may occur in those with chronic 
cholestasis. Whether post-transcriptional changes 
contribute to the observed differential expression of 
2E1 proteins in patients with advanced hepatocellular 
and cholestatic disease has not been addressed by 
the present studies. Patients with chronic cholestasis 
•have high circulating levels of bile . acids and 
cholesterol. These factors, -as well as hormones and 
cytokines, are putative agents that may alter the 
expression of 2E1 protein by post-transcriptional 
processes and such potential effects warrant further 
study. 

• In summary, the present results clearly dem- 
onstrate that disease-specific changes jn__the_ 

expression of three xcnobiotic-meiabolizing CYP 
enzymes (1A2, 2C and 3A) can be' attributed, in 
part, to pre-translational regulation of the respective 
CYP genes. In contrast, pre- and post-translational 
(or translational). regulation may account Iot the 
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observed differential effect of hepatocellular and 
cholestatic diseases on 2E1 protein expression. It is 
now important to identify the factors which modulate 
these changes in the diseased liver. In vilro studies 
using cultured human hepatocytes may be helpful in 
identifying potential humoral regulators and the 
molecular mechanisms involved. 
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Cyclooxygenase-2 Expression in Macrophages: Modulation by 
Protein Kinase C-a 1 



Melanie Giroux and Albert Descoteaux 

Cyclooxygcnasc-2 (COX-2) is an inducible enzyme responsible for high levels of PG production during inflammation and immune 
responses. Previous studies with pharmacological inhibitors suggested a role for protein kinase C (PKC) in PC production possibly 
by regulating COX-2 expression. In this study, we addressed the role of PKC-a in the modulation of COX-2 expression and PfiE 2 
synthesis by the overcxprcssing of a dominant-negative (DN) mutant of this isoenzyme in the mouse macrophage cell line RAW 
264.7. We investigated the effect of various stimuli on COX-2 expression, namely, LPS, IFN-y, and the intracellular parasite 
Leishmania donovani. Whereas LPS-induced COX-2 raRNA and protein expression were down-regulated in DN PKC-or-overex- 
pressing clones, IFN-y-induced COX-2 expression was up-regulated in DN PKC-a-overexpressing clones with respect to normal 
RAW 264.7 cells. Measurements of PGE 2 levels revealed a strong correlation between PGE 2 secretion and EFN-y-induced COX-2 
mRNA and protein levels in DN PKC-a-overexpressing clones. Taken together, these results suggest a role for PKC-a in the 
modulation of LPS- and IFN-y-induced COX-2 expression, as well as in TFN-y-induced PGE 2 secretion. The Journal of Immu- 
nology, 2000, 165: 3985-3991. 



Prostaglandins arc important mediators of inflammatory and 
■ immune responses. Their secretion is induced by various 
: stimuli including LPS, phorbol esters, cytokines, and 
phagocytosis (i). PGE 2 .is one of the main PCs secreted in large 
quantities by macrophages and' acts as an autocrine regulator of. 
. their activity (2, 3). Cydooxygenases (COX), 1 the key enzymes 
responsible for the conversion of arachidonic acid to PCs, exist in 
two isoforms with different physiological functions. Whereas 
COX-1 is constitutively expressed in most cell types and is re- 
sponsible for regulating normal physiological functions (3, 4), 
COX-2 is inducible in cells playing a role in inflammation such as 
macrophages, fibroblasts, and endothelial cells (5, 6). In human 
and murine macrophages, COX-2 expression is induced by LPS, 
IL-1, and phorbol esters (6-9). Studies with the murine macro- 
phage cell line RAW 264.7 indicated that accumulation of COX-2 
mRNA can be induced by a combination of [FN-y and LPS but not 
by Wti-y alone (10). In addition to soluble mediators, pathogens 
such as the intracellular parasite Leishmania donovani can increase 
synthesis of PGE 2 , possibly by inducing alterations in the COX 
pathway (11, 12). 

Previous studies using protein kinase C (PKC) inhibitors and 
activators suggested that PGE 2 synthesis requires the activation of 
PKC in the mouse macrophage cell line. RAW 264.7, as well as in 
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peritoneal macrophages (1, 13). Twelve isoenzymes of PKC, a 
family of protein serine/threonine kinases, have been identified so 
far. Differences in their structure, requirement for activity, subcel- 
lular localization, and substrate specificity suggest that in a given 
cell, the various PKC isoenzymes may exert specific functions. Six 
of them are expressed in macrophages but their respective roles in 
the regulation of macrophage functions are poorly understood (14, 
15). Using clones of the RAW 264.7 macrophage cell line over- 
expressing a dominant-negative (DN) mutant of PKC-a (DN PKC- 
a), wc recently reported thai PKC-a regulates selective LPS-in- 
duccd responses, including inducible NO synthase (iNOS) and 
EL-la expression (16). This study led us lo propose a role for 
PKC-a in the regulation of inllammatory responses. Previous stud- 
ies based on selective depletion of PKC isoenzymes and their dif- 
ferential sensitivities to pharmacological inhibitors led to the sug- 
gestion that PKC-a regulates zymosan-stimulated arachidonic acid 
metabolism and eicosattoid synthesis in peritoneal macrophages 
( 1 7). To further investigate the role of PKC-a in the regulation of 
COX-2 expression and PGE 2 secretion, we used UN PKC-a-over- 
expressing clones of the RAW 264.7 macrophage line (16). We 
obtained evidence that PKCra modulates COX-2 expression in 
macrophages exposed lo both LPS and IFN-y, thereby providing 
additional evidence that PKC-a is involved in the regulation of 
macrophage inflammatory responses. 

Materials and Methods 

Cell lines 

The murine macrophage cell line RAW 264.7 transfected with the expres- 
sion vector pCDN-4, and the DN PKC-nr-ovcroxpressing clones Bl and C2 
(lfi) were cultured in a 37°C incubator with 5%, C0 2 in DMEM with 
glutamine (Life Technologies, Ontario, Canada), containing 10% heat-in- 
activated FBS (HyClone, Logan, UT), 10 mM HfiPKS pH 7.3, and anti- 
biotic!! supplemented wiUi 200 fig/ml G418 (Life Technologies). 

Bone marrow-derived macrophages (BMM) 

BMM were obtained as previously described (18). Briefly, bone marrow 
cells ohtained from femurs of fi- to 8-wk-old female BALB/c mice (diaries 
River, St-Consiant, Quebec, Canada), were freed of RBC by osmotic shock 
and resuspended in complete medium with 15% (v/v) L929 cell-condi- 
tioned medium. After 1 day in culture (37°C, 5% C0 2 ). nonadherent cells 
were uansferred into ucw culture dishes and then allowed to differentiate 

0022-1767/0OttO2.UU 
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and adliere for 6 duys. DMM were made quiescent by culturing tbeui in 
CSF-l-free medium for 18 h before being used. 

L. donovani 

Promastigotes of L donovani (Ethiopian strain LV9, obtained from G. 
Matlashewski. McGill University, Montreal, QC, Canada) were freshly 
derived from umostigotes isolated from the spleen of ail infected hamster 
and were grown in at 26°C in RPMI 1640 supplemented with 20% heat- 
inactivated FBS, 100 fiM adenine, 5 u.M hemin, 1 (M biotin, 20 niM 
2-[tf-niorphoIino)ethanesulfonic acid, pH 5.5, and antibiotics. For infec- 
tions with L donovani, 2.5 x )0 6 adherent macrophages were, incubated 
with 2.5 X HI 7 parasites for 8 h. 

Northern blot analyses 

Total RNA preparation and Northern blot analyses were performed essentially 
as described previously (16, 19). The probe for murine COX-2 consisted of the 
1.2-kb EcoRl/Apal fragment from COX-2 eDNA amplified by PCR using 
oligodeoxyuucleoudes AD-24 (5'-CCCCTTCCTTiCGAAGTTTAATC-3') 
and AD-25 (5 '-GCATCTGGACG AOGTTTTTCC-3' ). 

Plasmid* 

The lucif erase reporter vector (pTISlOL) containing the promoter region of 
the mouse COX-2 gene (20) (-963/+70 from the transcription initiation 
site) was provided by Harvey Hersclunati (University of California, Los 
Angeles, CA) and was used for transient transfections studies. The PKC-a 
expression vector (pCMV-PKC-o) was constructed by insertion of the hu- 
man wild-type PKC-a eDNA (21) into the H/ndffl site of the expression 
vector pRcCMVOnvitrogen, San Diego. CA) and was used for overex- 
pressiun analyses. The pRL-TK plasmid encoding the Renilla luciferase 
was obtained from Promega (Madison. Wl). 

Transient transections . 

Adherent cells (2.5 X lO'/well) were transfected using GencPortcr (Gene 
\ Therapy Systems, San Diego, CA) with 0.25 /ig of COX-2 luciferase re- 
porter plasmid, and either 0.65 fig . of pRcCMV (Invitrogcn) or pCMV- 
PKC-a expression vector. All transections included 0.1 /u,g of pRL-TK 
(Promega) as jransfection efficiency control. Cells were transfected with 
250 pd DNA/GenePorter mix for 5 h, and 1 ml of serum-free medium was 
added. Cells were treated 7 h later with 100 ng/ml LPS and harvested at 
12 h in Reporter lysis buffer (Promega). Firefly and Renilla luciferase val- 
ues were obtained by analyzing 20 (d of cell extracts according to standard 
instructions provided in the Dual Luciferase kit (Promega) using a Lumat 
LB 9507 luminomctcr (EG & G Berthold, Nashua, Nil). Statistically sig- 
nificant differences were identified using the unpaired Student's ; test. Val- 
ues of p = 0.01 were considered statistically significant. 

Western blot analyses 

Western blot analyses were performed us described previously (16). Anti* 
COX-2 mAbs were obtained from Transduction Laboratories 
(Lexington, KY). 

PGE-, production 

PGE 2 levels in the supematants of macrophage were measured by com- 
petitive immunoassay (ElA; Cayman Chemicals, Ann Arbor. MI) after 8 h 
of incubation with different stimuli as recommended by the manufacturer. 
When indicated, the COX inhibitors NS398 (5 ftM) and valeryl salicylate 
(1 mM) (Cayman Chemicals) or the iNOS inhibitor A^-monomethyl-L- 
arginine inonoacetate (l-NMMA; 500 jim) (Alexis, San Diego, CA) were 
. used. Statistically significant differences were identified using die unpaired 
Student's / test Values of p 0.01 were considered statistically 
significant. 

Results 

Effect o/DN PKC-a overexpression on LPS-induced COX-2 
expression 

In macrophages, COX-2 expression is strongly induced by LPS, 
phorbol-ester, and several cytokines (22). To investigate the role of 
PKC-a in this process, we measured COX-2 mRNA accumulation 
and protein level expression in normal RAW 264.7 cells (contain- 
ing the empty vector) and in DN PKC-a-ovcrcxprcssing clones 
(Bl and C2; Ref. 16) after stimulation with LPS (10 and 100 ng/ 
ml) for 8 h. In normal RAW 264.7 cells, LPS induced the expres- 



sion of COX-2 mRNA accumulation and protein synthesis in a 
dose-dependent manner (Fig. 1, A and B, lanes 1-3). In DN PKC- 
a-ovcrcxprcssing clones, LPS-induced COX-2 mRNA accumula- 
tion, and protein levels were significantly inhibited. Densitometric 
analyses revealed that in clone Bl, COX-2 mRNA levels were 
reduced by 10- to 20-fold (Fig, IA, lanes 4-6), and protein levels 
were reduced by ~4-fold (Fig. \B, lanes 4-6) with respeel to the 
levels observed in control cells. In clone C2, LPS-induced COX-2 
mRNA levels were barely detectable (Fig. I A, lanes 7-9), whereas 
COX-2 protein levels were reduced by ~3- to 5-fo!d with respect 
to control cells (Fig. IB, lanes 7-9). Thus, similar to LPS-induced 
IL-la and iNOS expression (16), DN PKC-a overexpression 
strongly inhibited LPS-induced COX-2 expression in RAW 264.7 
macrophages. 



Overexpression of PKC-a increases LPS-induced COX-2 
promoter activity 

The inhibition of LPS-induced COX-2 expression in DN PKC-a- 
oycrcxprcssing macrophages indicated that PKC-a plays a role in 
modulating COX-2 expression. To further demonstrate the in- 
volvement of PKC-a in the induction of COX-2 by LPS, we tran- 
siently transfected RAW 264.7 cells with a COX-2-luciferase re- 
• porter and a wild-type PKC-a expression vector. Overexpression 
of wild-type PKC-a had no effect on basal COX-2 promoter ac- 
tivity in untreated RAW 264.7 cells (Fig, 2). In contrast, PKC-a 
overexpression significantly increased LPS-stimulated COX-2 
promoter activity by ~2-fold with respect to controls (Fig: 2, p = 
0.0001, n = 3). These data are consistent with PKC-a playing 
a role in modulating COX-2 expression in LPS-stimulated 
macrophages. 
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FIGURE 1. Effect of DN PKC-a overexpression on LPS-induced 
COX-2 expression. Adherent cells (vector alone, clone Bl, and clone C2) 
were incubated in the absence (Lines 1. 4, and 7) or in the presence of either 
10 ng/ml (lanes 2, 5, and S) or 100 ng/ml {lanes .?, 6, and P) LPS for 8 h. 
Total RNA was extracted and Northern blot analyses was performed {A). 
and cell extracts were prepared for Western blot analyses (8) as described 
in Materials and Methods. RNA integrity and loading were assessed by 
etliidium bromide staining. Similar results were obtained in at least three 
separate experiments. 
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FIGURE 2. Overcxpression of PKC-a increases LPS-induced COX-2 
promoter activity in RAW 264.7 macrophages. Adherent RAW 264.7 cells 
were transiently ttansfected with the COX-2/Luc reporter construct and 
pRL-TK for 5 h along with either the control vector (M) or the wild-type 
PKC-a expression vector (□)■ Cells were incubated for 7 h and then stim- 
ulated with 100 ng/ml IPS for 12 h. Firefly und Renilla luciferasc activities 
were determined in cell extracts. Data are expressed as a ratio of firefly 
luciferase \n\\\idRenilla luciferasc value. Experiments were performed in 
triplicate and arc representative of results obtained in two separate exper- 
iments. **. p = 0.0001 as compared with LPS-stimulated cells iransfected 
with control vector. 



Effect of DN PKC-a overexprcssion on COX-2 expression 
following a stimulation with IFN-y 

IFN-y is a potent regulator of macrophage function (23). In addi- 
tion to inducing the expression of several genes, incubation of 
macrophages with IFN-y enhances their responsiveness to LPS 
(10, 24). To determine whether PKC-a plays a role in the regula- 
tion of IFN-y-induced responses, we have measured the induction 
of COX-2 mRNA. accumulation and protein synthesis in control 
RAW 264.7 cells and in the DN PKC-a-overexpressing clones B 1 
and C2 in response to 100 U/ml IFN-y alone or in combination 
with 100 ng/ml LPS. Macrophages were primed with 100 U/ml 
IFN-y for 18 h before the addition of either 100 U/ml IFN-y or the 
combination of 100 U/ml IFN-y and 100 ng/ml LP$. IFN-y in- 
duced an important increase of COX-2 mRNA accumulation in 
DN PKC-a-overexpressing cells (20-fold foT clone B 1 and 60-fold 
for clone C2) (Fig. 34, lanes 6 and 10) compared with control cells 
(Fig. 3A, lane 2). Similar results were obtained with the levels of 
COX-2 protein expression, as in clone Bl (Fig. 3B, lane 6) and in 
clone C2 (Fig. 3», lane. 10) COX-2 levels were increased by 2- and 
4-fold, respectively, compared with the levels observed in control 
cells (Fig. ?iR, lane 2). This significant increase in IFN-y-induced 
COX-2 expression in DN PKC-a-overexpressing RAW 264.7 cells 
suggested that PKC-a negatively modulates IFN-y-induced 
COX-2 expression. When macrophages were exposed to a com- 
bination of both IFN-y and LPS, high levels of COX-2 mRNA and 
protein were induced independently of DN PKC-a overcxpression 
(Fig. 3, A and B, lanes 4, 8, and 12). Thus, DN PKC-a overex- 
prcssion had little effect on the synergistic effect of LPS and IFN-y 
on the induction of COX-2 mRNA accumulation and protein 
synthesis. 

COX-2 expression following a phagocytic stimulation with L. 
donovani promastigotes 

Infection with the intracellular protozoan L donovani stimulates 
macrophages to secrete PGF^, possibly by inducing COX-2 ex- 
pression (11, 12). Thus we determined whether PKC-a was in- 
volved in this process by comparing the induction of COX-2 
mRNA accumulation and protein synthesis in normal RAW 264.7 
cells and in DN PKC-a-overexpressing clones following phago- 
cytosis of L. donovani promastigotes. For priming experiments, 
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FIGURE 3. Effect of DN PKC-a overcxpression on COX-2 expression 
induced by I..VS and IFN-y. Adherent cells (vector alone, clone Bl, and 
clone C2) were, incubated in the absence (lanes 1. 5, and 9) or in die 
presence of cither 100 U/ml IFN-y (lanes 2, 6, and 10). 100 ng/ml LPS 
(lanes i: 7, and II), or a combination of both.(/an«j 4, S, and 12) for 8 h. 
For priming experiments, cells were first incubated with 100 U/ml IFN-y 
for 18 h followed by additional stimulation with [FN-y, or IFN-y and LPS. 
Total RNA was extracted, Northern blot. analysis was performed (A), and 
cell extracts were prepared for Western blot analyses (B) as described in 
Materials and Methods. RNA integrity and loading were assessed by 
cthidium bromide staining. Similar results were obtained in at least three 
separate experiments. 



cells were incubated for 18 h with 100 U/ml IFN-y before the 
addition of either 100 U/ml IFN-y alone or in combination with L 
donovani promastigotes for an additional 8 h. Phagocytic stimu- 
lation with L. donovani promastigotes tailed to induce COX-2 
mRNA accumulation as well as protein synthesis in control RAW 
264.7 macrophages (Fig. 4, A and B, lane 3) and in the two DN 
PKC-a-overexpressing clones (Fig. 4, A and B, lane 7 for clone Bl 
and lane 11 for clone C2). Priming with IFN-y had no effect on the 
induction of COX-2 expression following phagocytosis of L do- 
novani, as COX-2 mRNA and protein levels, induced by IFNry 
alone (Fig. 4, A and B, lane 2 for control cells, lane 6 for clone B 1 , 
and lane 10 tor clone C2) were similar 10 those induced by the 
combination of IFN-y and L donovani (Fig. 4, A and B, lane 4 for 
control cells, lane 8 for clone Bl, and lane 12 for clone C2). In 
naive BMM, L donovani evaded the induction of COX-2 expres- 
sion (Fig. 5, A and B, lane 5), whereas priming with IFN-y led to 
the induction of COX-2 mRNA and protein synthesis by L. dono- 
vani promastigotes in BMM (Fig. 5, A and B, lane 6). 

Effect of DN PKC-a overexpression on PGE 2 secretion 

We compared the ability of control RAW 264.7 cells and clones 
Bl and C2 to secrete PGE 3 in response to either LPS (10 or 100 
ng/ml), 100 U/ml IFN-yi or L. donovani. As shown in Fig. 6A, in 
(he presence of 10 ng/ml W and 100 ng/ml (■) LPS, control 
RAW 264.7 cells as well as DN PKC-a-overexpressing clones B I 
and C2 secreted PGE^ in a dose-dependent manner. In contrast to 
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FIGURE 4. Effect of DN PKC-a ovcrexprcssinn on COX-2 expression 
induced by L donovani promastigotes. Adherent cells (vector alone, clone 
Bl. and clone C2) were incubated in the absence [lanes 1, 5, and 9) or in 
the presence 'of different stimuli, namely, 100 U/ml IFN-y (lanes 2, 6, and 
, 10), L donovani pmmastigores (lanes .?; 7, and //), or a combination of 
both {lanes 4, #, and 12) for 8 h^ppr priming experiments, cells were first 
incubated with 100 U/rhl fFN-y for 18 h followed by additional stimulation 
with 'L donovani and lEN-y, or IFN-y alone. Total RNA was extracted. 
Northern blot analysis was performed (A), and cell extracts were prepared 
for Western blol analyses (B) as described in Materials and Methods. RNA 
integrity and loading were assessed by ethidium bromide staining. Similar 
results were obtained in at least three separate experiments. 

COX-2 rriRNA and protein levels, overexpression of DN PKC-a 
did not affect LPS-induced PGE 2 secretion by RAW 264.7 cells. 
(For 10 rig/ml LPS,/; = 0.15 lor Bl vs control cells, and p = 0.02 
for C2 vs control cells, n = 3. For 100 ng/ml LPS. p = 0.103 for 
Bl vs control cells, and p = 0.07 for C2 vs control cells, n = 3.) 
Data obtained with the specific COX-2 inhibitor NS-398 (5 /xM) 
(25) confirmed that COX-2 activation is the major pathway re- 
sponsible for LPS-slimulated PGE, secretion (Table 1). The ob- 
servation that valeryl salicylate, a COX-1 inhibitor (26), reduced 
LPS-iriduced PGE 2 production by 50% suggested a role for 
COX-1, although it is possible that COX-2 activity was also in- 
hibited at the concentration used ( 1 mM) (Table I). As shown in 
Fig. 6B, IFN-y induced the- secretion of minimal PGE 2 levels in 
control RAW 264.7 cells, whereas DN PKC-a-overexpression in- 
creased IPN-y-induced PGB^ secretion by 35-fold by clone Bl 
(p = 0.005, n = 3) and 70-fold by clone C2 (/> = 0.01, n = 3). 
Collectively, these results indicated that DN PKC-a ovcrcxpres- 
sioii had no effect on LPS-induced PGE 2 secretion but strongly 
up-regulated lFN-7-induced PGE 2 secretion. When macrophages 
were exposed to a combination of lFN-y and LPS, control RAW 
264.7 cells and the DN PKC-or-ovcrexpressing clones Bl and C2 
secreted similar PGEj levels (p = 0.04 for B 1 vs control cells, and 
p = 0.795 for C2 vs control cells, n = 3) (Fig. 6C). As observed 
for COX-2 inRNA and protein synthesis, L donovani promasiig- 
otes failed to induce PGE 2 secretion in control RAW 264.7 cells as 
well as in DN PKC-a-overexpressing clones B 1 and C2 (data not 
shown). 
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FIGURE 5. COX-2 expression in BMM. BMM were incubated in the 
absence (lane I) or in the presence of different stimuli (lanes 2 -6) for 8 h. 
For priming experiments, cells were first incubated with 100 U/ml IFN-y 
for 18 h followed by 100 ng/iul LPS, L. donovani promastigotes, or 100 
U/ml IFN-y. Total RNA was extracted. Northern blot analysis was per- 
formed (A), and cell extracts were prepared for Western blot analyses (B) 
as described in Materials and Methods: RNA integrity and loading were 
assessed by ethidium bromide staining. Similar results were obtained in at 
least three separate experiments. 



Discussion 

PGs are important . regulatory mediators for (he maintenance of 
numerous physiological functions and are synthesized by most 
mammalian tissues (3, 27). In irtflamrnatory reactions, macro- 
phages are the main producers of large quantities of PGEj (10, 28). 
COX-2, the inducible COX isoform, has been identified in acti- 
vated macrophages and constitutes the key enzyme responsible for 
the high production of inflammatory PGs such as PGEj (3, 5, 29). 
A role for PKC in the regulation of PG production (possibly by 
regulating COX-2 expression) has been suggested after treatment 
of macrophages with PKC inhibitors or activators (1, 13). In this 
study, we investigated the role of PKC-a in the regulation of 
COX-2 expression in macrophages. To this end, we have stably 
overexpressed a DN mutant of this isoenzyme in the murine mac- 
rophage cell line RAW 264.7 (16). We obtained evidence suggest- 
ing that PKC-a activity is important for the modulation of COX-2 
expression in macrophages exposed to either LPS or TFN-y. 

Previous studies suggested that PKC is involved in the regula- 
tion of COX-2 expression. A role for PKC-<t in the regulation of 
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100 U/ml tFN-Y 



B1 C2 

Effect of, DN PKC-a on PGE, 



Vector 



c 2 secretion. Adherent cells 
(vector ulonc. clone Bl, and clone C2) were incubated in the absence or 
presence of either 10 ng/ml or 100 ng/ml LPS (A). 100 U/ml IKN-y (fl), or 
a combination of 100 U/ml IFN-y and 100 ng/ml LPS (O for 8 h. Cells 
stimulated with IFN-y were first incubated for 18 h with 100 U/ml IFN-y. 
Levels of PGE 2 in cell supematants were determined by ELISA as de- 
scribed in Materials and Methods. Experiments were performed in tripli- 
cate and are representative of results obtained in three separate experi- 
ments. *, p < 0.05; **, p < 0.01 as compared with IFN-y-rreated control 
cells. 



zyuiosan-induced PGE, secretion in mouse peritoneal macro- 
phages has been previously proposed based on the selective down- 
regulation of PKC isoenzymes and on their differential sensitivities 
to pharmacological inhibitors (17). Recently, it has been reported 
that overexprcssion of wild-type PKC-a in mouse epidermis in- 
creases phorboJ esters-induced expression of specific proinflam- 
matory mediators, including COX-2, suggesting that PKC-a plays 
a role in cutaneous inflammation (30). Our data obtained with DN 
PKC-a-overexpressing clones suggest that this isoenzyme is re- 
quired for COX-2 expression in the RAW 264.7 macrophage cell 
line. However, the possibility exists that stable overexpression of 
the DN PKC-ot might have affected basal PKC-a activity levels, 
thereby altering the maintenance of normal cellular functions. A 
possible consequence of such alterations could be the loss of reg- 
ulators), which could potentially affect signal transduction path- 
ways leading to COX-2 expression. Accordingly, PKC-a would 
play a secondary role in LPS-induced COX-2 expression: In con- 
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trast, our observation that overexpression of wild-type PKC-a in- 
creases LPS-induced COX-2 promoter activity is not consistent 
with this possibility and argues in favor of a direct role for PKC-a 
(Fig. 2). Thus, our observations further support a role for PKC-a 
in the modulation of COX-2 expression in macrophages, and hence 
in the regulation of inflammatory responses. 

Hie mechanism by which PKC-a modulates COX-2 expression 
remains obscure. One possibility is that PKC-a is required for the 
activation of specific transcription factors. In this regard, few stud- 
ies have addressed the identity of the transcription factor(s) regu- 
lating COX-2 expression (31-33). The ubiquitous transcription 
factor NF-kB, one of the main mediators of LPS responses (34), 
binds to regulatory sequences within the promoter region (-403 to 
—395 bp) of both the human and mouse COX-2 genes to regulate 
COX-2 expression (35). Because LPS-induced NF-kB activation 
takes place normally in DN PKC-a-overexpressing macrophages 
(16), it is likely that transcription factorfs) other than NF-kB and 
required for LPS-induced COX-2 expression may be defective in 
our DN PKC-a overexpressing clones. Consensus binding sites for 
NF-IL6 have been identified within the COX-2 promoter region, 
and recent evidence indicated that tlus regulatory sequence is re- 
sponsible for the induction of human COX-2 by LPS, through 
NF-IL6|9 (C/EBPS) (33). More recently, it has been established 
that although that NF-kB is not required, NF-IL6 is essential for 
LPS-induced COX-2 gene expression in RAW 264.7 cells (36). 
Further studies will be required to examine whether a defective 
activation of NF-IL6 could account for the inhibition of LPS-in- 
duced COX-2 expression in the DN PKC-a overexpressing RAW 
264.7 macrophages. In this regard, preliminary evidence indicated 
that DN PKC-a overexprcssion inhibited LPS-induced NF-IL6 ac- 
tivation in RAW 264.7 cells (F. Chano and A. Deseotcaux, un- 
published data). 

IFN-y is a pleiotropic cytokine diat plays a key role in modu- 
lating immune and inflammatory responses (37) and regulates sev- 
eral macrophage functions (38). Previous studies in human mac- 
rophages demonstrated that IFN-y priming is required for the 
induction of COX-2 expression following stimulation with either 
lFN--y or TNF-a. Moreover. IFN-y, in combination with either 
LPS or TNF-a, induced a synergistic. increase-in the accumulation 
of COX-2 mRNA (24). However, this synergistic effect is not uni- 
versal, as IFN-y priming down-regulated COX-2 gene transcrip- 
tion in response to IL-IB but not to LPS in human macrophages 
(6). Despite these observations, no data exist on the regulation of 
COX-2 expression by PKC following stimulation with IFN-y. In 
contrast to LPS-induced COX-2 expression, we found that levels 
of COX-2 mRNA were significantly enhanced in DN PKC-a-over- 
expressing macrophages following a stimulation with EFN-y. 
These data suggest that PKC-a negatively modulates COX-2 ex- 
pression in response to IFN-y. Two possible mechanisms may ac- 
count for these results. First, overexpression of DN PKC-a influ- 
ences the transcriptional activity of the COX-2 promoter, possibly 
by regulating the activation of lFN-y-induced transcription fac- 
toids). IFN consensus sequence binding protein (ICSBP), which is 
primarily expressed in cells of the macrophage and lymphocytic 
lineages, is. a member of .the IFN regulatory factor family that 
binds to a DNA sequence, known as the EFN-stimulated response 
element (ISRE),. which mediates IFN-y responsiveness for several 
genes (39, 40). ICSBP mRNA levels become elevated in response 
to IFN-y, but not IFN-a/fi, in macrophage cell lines and in thio- 
glycollate-elicited peritoneal macrophages (41). Thus, the selec- 
tivity of ICSBP for macrophages and other cells of the immune 
system, coupled with its strong inducibility and long half-life in 
macrophages, suggests that it could play a critical role in the down- 
regulation of macrophage activity after activation by IFN-y (42). 
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Table I. Effect of COX and iNOS inhibitors on LPS-indur.ed PGF. 2 secretion in RAW 264.7 macrophages" 

PGEj (pg/ml//ig prOTein/" 



Inhibitors 



Vector 



Clone C2 



Control 



Conrrol 



LPS 



None 


0.07 




o.oo 


12.89 




0.91 


0.09 


± 


0.04 


13.58 




3.20 


NS-398 


0.13 


+ 


0.06 


0.08 




0.04 


0.07 




0.01 


0.08 




0.04 


Valcryl salicylate 


0.12 




0.01 


7.61 


± 


1.63 


0.16 




0.07 


6.12 




0.83 


L-NMMA 


0.12 




0.05 


13.20 


-t 


1.34 


0.15 


+ 


0.05 


14.19 


± 


2.12 



° Macrophages (2.5 X 10' per well) were incubated tor 15 min in the absence or presence of either NS-398 (5 /an), vuleryl 
. salicylate (1 mM). or L-NMMA (500 fint) prior to the addition of 100 ng/ml LPS. PGF-2 levels in the snpematams were measured 
after 8 h as described in Materials and Methods. 

"Results arc expressed in picograins per milliliter PGE, produced per microgram tout protein. The values represent the 
mean ■? SD of oat experiment performed in triplicalc samples. Similar results were obtained in a separate experiment. 



Recent studies provided evidence ihat ICSBP can selectively sup- 
press the expression of Il 7 N-responsive genes (40). Furthermore, 
induction of ICSBP niRNA by IFN-7 was found previously to be 
inhibited by PKC inhibitors (41). Considering these observations, 
it will be of interest to verify the role of ICSBP in IFN-y-induced 
COX-2 expression in DN PKC-a overexpressing RAW 264.7 cells 
in response to I FNvy. Second, the steady-state levels of COX-2 
transcripts are the result of a balance between the rale of gene 
transcription and the rate of degradation of the mRNA produced. 
The 3' untranslated region of COX-2 mRNA contains conserved 
AUUA repeats also found in other short-lived mRNA species, such 
as OM-CSF mRNA (20, 43), that are important in determining 
mRNA stability and translation (44, 45). Whether PKC-a activity 
negatively regulates the binding of putative cytosolic factors to the 
3' untranslated region of the COX-2 transcripts, and hence influ- 
ences COX-2 mRNA stability in IFN-y-stimulated macrophages, 
is an hypothesis that will deserve further attention. 

L donovani is an obligate intracellular protozoan that resides 
within mononuclear phagocytes of infected mammals (46): A pre- 
vious study demonstrated that infection of murine peritoneal mac- 
rophages with L. ilonuvani induced specific alterations in COX and 
lipoxygenase pathways. This response involved selective increase 
of some metabolites, such as PGE 2 (li). Another study in spleen 
cells indicated an ex vivo evidence for increased COX activity 
(12):. Because LPS- and EPN-'y-induccd COX-2 expression are 
Modulated by PKC-nr it was of interest to determine whether DN 
PKC-a. overexpressipn would influence COX-2 expression during 
phagocytosis of L donovani promastigotes. However, we failed to 
detect COX-2 expression in RAW 264.7 cells exposed to L do- 
novani promastigotes. In contrast to RAW 264.7 cells, IFN-7 treat- 
ment of BMM before infection with L. donovani promastigotes 
allowed the induction of COX-2 expression. 

Whereas COX-2 mRNA and protein synthesis were inhibited, 
LPS-induced PGEj secretion was normal in DN PKC-a-overex- 
pressing macrophages. A recent study reported that secretion of 
NO attenuates PGE^ production in response lo LPS in RAW 264.7 
macrophages (47). Moreover, it was shown that NO suppresses the 
activity and expression of COX-2 mRNA in LPS-stimulated rat 
peritoneal macrophages (48). However, data obtained with the 
iNOS inhibitor i.-NMMA (Table I) ruled out the possibility that 
our data are related (o the low levels of NO secreted by LPS- 
stimulated DN PKC-a-overexpressing clones (16). In contrast, 
PGE, secretion was increased in DN PKC-a-overexpressing 
clones compared with control RAW 264.7 cells in response to 
IFN--Y. 

In summary, we have provided evidence suggesting a role for 
PKC-a in the modulation of COX-2 expression in macrophages. 
Further knowledge of the mechanism that regulates COX-2 ex- 



pression may potentially lead to the development of novel anti- 
inflammatory therapies. 
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Transcript profiling of human platelets using microarray and serial analysis 
of gene expression 
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Human platelets are anucleate blood cells 
that retain cytoplasmic mRNA and main- 
tain functionally intact protein transla- 
tions! capabilities. We have adapted 
complementary techniques of microarray 
and serial analysis of gene expression 
(SAGE) for genetic profiling of highly 
purified human blood platelets. Microar- 
ray analysis using the Affymetrix HG- 
U95Av2 approximately 12 600-probe set 
maximally identified the expression, of 
2147 (range, 13%-17%) platelet-expressed 
transcripts, with approximately 22% col- 
lectively-involved in metabolism and re- 
ceptor/signaling, and an overrepresenta- 
tion of genes with unassigned function 
(32%). In contrast, a modified SAGE proto- 
col using the Type IIS restriction enzyme 



Mmet (generating 21-base pair |bp) or 
22-bp tags) demonstrated that 89% of 
tags represented mitochondrial (mt) tran- 
scripts (enriched in 16S and 12S ribo- 
somal RNAs), presumably related to per- 
sistent mt-transcription in the absence of 
nuclear-derived transcripts. The fre- 
quency of non-mt SAGE tags paralleled 
average difference values (relative expres- 
sion) for the most "abundant" transcripts 
as determined by microarray analysis, 
establishing the concordance of both 
techniques for platelet profiling. Quantita- 
tive reverse transcription-polymerase 
chain reaction (PCR) confirmed the high- 
est frequency of mt-derived transcripts, 
along with the mRNAs for neurogranin 
(NGN, a protein kinase C substrate) and 



the complement lysis inhibitor clusterin 
among the top 5 most abundant tran- 
scripts. For confirmatory characteriza- 
tion, immunoblots and flow cytometric 
analyses were performed, establishing 
abundant cell-surface expression of clus- 
terin and intracellular expression of NGN. 
These observations demonstrate a strong 
correlation between high transcript abun- 
dance and protein expression, and they 
establish the validity of transcript analy- 
sis as a tool for identifying novel platelet 
proteins that may regulate normal and 
pathologic platelet (and/or megakaryo- 
cyte) functions. (Blood. 2003;101:2285-2293) 
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Introduction 



Human blood plajelcls play criiical roles in normal hemostatic 
processes and pathologic conditions such as thrombosis, vascular 
remodeling, inflammation, and wound repair. Generated as cytoplas- 
mic buds from precursor bone marrow megakaryocytes, plalelets 
are anucleate and lack nuclear DNA. although they retain 
megakaryocyle-derived mRNAs.'-' Platelets contain rough endo- 
plasmic reticulum and polyribosomes, and they retain the ability 
for protein biosynthesis from cytoplasmic mRNA. 3 Quiescent 
platelets generally display minimal translaiional activity, although 
newly formed platelets such as those found in patients with 
immune thrombocytopenic purpura (I I P) synthesize various a-gran T 
ule and membrane glycoproteins (CPs), including GPlb and 
GPllb/llla (djitPs). Furthermore, stimulation of quiescent platelets 
by agonists such as a-thrombin increases protein synthesis of 
various platelet proteins, including Bcl-3. 4 Like nucleated cells, the 
rapid translation of preexisting mRNAs may be regulated by 
'inlegrin ligation to extracellular matrices." In the case of platelets, 
the primary inlegrin involved in. this process appears to be a,| b B 3 
with cooperative signals mediated by the collagen receptor ojjfi. 



Integrin-mediated platelet protein synthesis appears to be regulated 
at the level of translation initiation involving the eukaryotic 
initiation factor 4E (elF4E). Instead of directly influencing elF4E 
activity via posttranslational modifications (ie, phosphorylation), 
platelet e)P4E activity best correlates with its spatial redistribution 
to the mRNA-enriched cytoskelelon. 8 Furthermore, because pro- 
tein translation is partially inhibited by the immunosuppressant 
rapamycin, it suggests that adhesion- and/or aggregation- induced 
outsidc-in-signaling function to regulate protein synthesis ihrough 
the mTOR (mammalian target of rapamycin) pathway. *•*•' 

Despite the biologic importance of platelets and their intact 
protein synthetic capabilities, remarkably little is known about 
platelet mRNAs. Younger platelets contain larger amounts of 
mRNA with a greater capacity for protein synthesis, as determined 
by using fluorescent nucleic acid dyes such as thiazole orange. 10 
This assay has been used as a quantitative determinant of younger 
or "reticulated" platelets (RPs). Indeed increased reticulated plale- 
lets are typically found in patients with conditions associated with 
rapid platelet turnover such as ITP; typically RP percentages in 
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such patients approach 10% to 20% of all platelets, considerably 
higher than in healthy control subjects." interestingly, high RPs 
have, been associated with enhanced thrombotic risk when identi- 
fied in patients with thrombocytosis, 10 suggesting that quantita- 
tively increased mRNA levels may be associated with the prothxom- 
botic phenotype. Whether this is related to globally altered gene 
expression profiles or to select changes more evident during 
situations of rapid platelet turnover remains unknown. Certainly, 
technical limitations of this assay limit its utility in defining 
prothrombotic genotypes, 10 " 12 and it cannot identify differentially 
expressed genes that may be causally implicated in disordered 
platelet phenotypes. 

Toward the goal of defining , the molecular anatomy of the 
platelet genome, we have adapted complementary techniques of 
microarray and serial analysis of gene expression (SAGE) for 
genetic profiling of highly purified human blood platelets. Microar- 
ray technology represents a "closed" profiling strategy limited by 
the target genes imprinted onto gene chips. In contrast, SAGE is an 
"open" architectural system that can be used to identify novel genes 
and to quantify differentially expressed mRNAs.' 5 "' 5 The sequence 
of each tag along with its positional location uniquely identifies the 
gene from which it is derived, and differentially expressed genes 
can be identified in a quantitative manner because the lag frequency 
reflects the mRNA level at the time of cellular harvest and analysis. 
By using both technologies, we have identified a number of 
previously uncharacterizcd genes that appear to be expressed in 
human platelets, while simultaneously establishing the dominant 
frequency of mitochondrial-expressed genomes comprising the 
platelet mRNA pool. These observations provide a panoramic 
overview of the platelet transcriptome, while additionally provid- 
ing insights into the molecular pathways regulating platelet (and/or 
megakaryocyte) function in normal and pathologic conditions. 



Materials and methods 

Reagents and supplies 

Thermits aquaticus (Tat]) polymerase was purchased from (Roche, Indianap- 
olis. IN). T't DNA ligase w;is purchased from Invitrogen (Carlsbad.. CA), 
and restriction enzymes were from New England Biolabs (Beverly. MA), 
except , for Mme\. which was obtained from the Center for Technology 
Transfer (Gdansk, Poland). Ail oligonucleotides were synthesized on an 
Applied Diosystems (Foster City, CA) 3-channeI synthesizer and are listed 
in Table I. Monoclonal antibodies used for flow cytometric analysis 
included the FITC (fluorescein isothiocyanate)-conjugaied nnti-CD'll 
(ohbPs) immunoglobulin G) (IgGI; Inimunolech, Miami.. FL); phyco- 
erytbrin (PE)-conjugated aniiglycophorin (IgG2; Becton Dickinson Phami- 
inccn. San Diego, CA); and pcridinin chlorophyll protein (PERCP)- 
conjugated ami CDJ5 (IgGl: Becton Dickinson Pharmingcn). 

Platelet isolation, purification, nnd immunodetection 

All human subjects provided informed consent for an IRB (Institutional 
Review Bonrd)~appiovcd protocol completed in conjunction with i he- 
General Clinical Research Center at Stony Brook University Hospital. 
Peripheral blood (TO mU from healthy volunteers drawn into 2 ml of 4% 
sodium ciliarc tOA".'o vol/vol final concentration) was used to isolate 
erythrocytes hv differential crnlril'ugatton (150(>£) or 10 isolate pine 
leukocytes by density- gradient centrifugation as previously described."' 
Platelets collected horn healthy volunteers by nphercsis were used within 
24 hours of collection. After addition of 2 mM EDTA (ethyJcncdiammcici- 
raacetic acid), apbeiesis -derived plaiclets from a single donor wetc 
cenirifuged at 140)* for 15 minutes at 25°C. To minimize leukocyte 
contamination, only the upper 9/10 of the platclel-rich plasma |PRP) wa.s 
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used for gel filtration oyer a BioGel A50M column (1000 mL lotal volume) 
equilibrated with HBMT (HEPES-buffered modified Tyrodes bufTer. 10 
mM HEPES (/V-2-hyu*roxyeth'ylpipera2ine-rV'-2-eih3nesulfonic acid) pH 
7.4, 150 mM NaCl, 2.5 mM KCL 0.3 mM NaH 2 P0 4 , 12 mM NaHCOj, 
0.2% bovine serum albumen (BSA], 0.1% glucose, 2 mM EDTA). 
Gel-filtered platelets (GFPs) were subsequently filtered through a 5-pjn 
nonwetiing nylon filament filler (BioDcsign, Carme), NY) at 25°C and 
harvested by centrifugation at I500g for 10 minutes at 25°C. Plalelels were 
gentry and thoroughly resuspended in 10 mL HBMT bufTer and incubated 
with 120 pX murine monoclonal anti-CD45 antibody conjugated to 
magnetic microbeads (Miltenyi Biotec, Bergisch Glad bach, Germany) on a 
rotating platform, for 45 minutes at 25°C. Magnetic separation columns 
were used to capture CD45 1 * cells (leukocyte fraction) by positive selection 
. (MACS II; Miltenyi Biolec). Purified platelets were concentrated by 
centrifugation at 1500g and immediately used for total RNA isolation. 

The efficiency of platelet purification was documented at each step by 
flow cytometry." Briefly, aliquots containing 2 X 10* platelets were 
incubated with saturating concentrations of FITC-conjugated ariti-CD4], 
PE-conjugated aniiglycophorin, and PERCP-conjugatcd anti-CD45 for 15 
minutes in the dark at 25°C, washed.with phosphate-buffered saline (PBS), 
and fixed in PBS/1% formalin. Samples were analyzed using a FACScan 
(fluorescencc^activaied cell sorter scan) flow cytomeler (Becton Dickinson) 
using CELLQuest software designed to quantify the number of CD45 + and 
glycophorin- positive events in the sample (expressed as the number of 
events per 100 000 CD41* events). For some experiments, fixed platelets 
were permeabilized with 0.1% Trilon-X/PBS for 30 minutes al 25°C prior 
to the addition of primary antibodies, all as previously described.' 7 

Platelet protein detection was completed by sodium dodecyl sulfate 
(SDS)-polyacrylamide gel electrophoresis (PAGE) and immunoblot analy- 
sis as previously described, using the species- specific horseradish pcroxidase- 
conjugated secondary antibody and enhanced chemi luminescence. 16 Anti- 
bodies included the anticlusterin monoclonal antibody (Quidel, Santa Clara, 
CA; 1:1000 primary and 1:10 000 secondary) and the anlineurogranin 
rabbit polyclonal antibody (Chemicon International, Temecula, CA; 1:1000 
primary and 1 : f 0 000 secondary). 

Molecular analyses and microarray profiling 

Purified, individual cell fractions were resuspended in 10 mLTrizol reagent 
(Jnvitrogen), transferred into diethylpyrocarbonalc (DE PC)- treated Corex 
(Springfield, MA) tubes, and serially purified and precipitated by using 
isoptopanol essentially' as previously described.' 6 Total cellular RNA was 
harvested by centrifugation at 12 500g for 20 minutes al 4°C, washed 2 
times with 75% ethanol (10 mL/tube). and resuspended in 100 u-L 
DEPC-treated water. Platelet. mRNA quantitation was performed by using 
fluorescence-based real-time PCR (polymerase chain reaction) technology 
(TaqMan Real-Time PCR; Applied Diosystems. Foster City. CA). Oligonu- 
cleotide primer pairs were generated by using Primer 3 software (www- 
genome. wi.mil.edu), designed to generate approximately 200-base pair 
I bp) PCR products at the same annealing temperature, and are outlined in 
Table I. Purified platelet mRNA (4 p.g) was used for first-strand cDNA 
synthesis using oligofdT) and Superscript II reverse transcriptase (Invitro- 
gen). For real-time reverse transcription |RT>PCR analysis, Ihe RT 
reaction was equally divided among primer pairs and used in a 40-cycle 
PCR reaction for each target gene by using the following cycle: 94°C for 30 
seconds, 55°C for 30 seconds, 72°C for I minute, and 7I°C for io seconds 
(40 cycles total). mRNA levels were quantified by monitoring real-time 
fluoiomciric intensity of SYBR green L Relative mRNA abundance was 
determined from triplicate assays performed in parallel for each primer pair 
and was calculated by using ihe comparative threshold cycle number (:VCl 
method) as previously described.' 8 

Gene expression profiles were completed by using the approximately 
12 600-probc set HG-U95Av2 gene chip (AfTymetri.x. Santa Clara, CA). 
Total cellular RNA (5 p.g) was used foi r DNA synthesis by using 
Superscript Choice system (Life Technologies, RockviJIe. MD) and an 
olipoldT) primer containing the T7 polymerase recognition sequence 
I Primer SI; Table 1), followed by cDNA purification using GFX spin 
columns. In vitro transcription was completed in the presence of biotinyl- 
aied ribonucleotides by using a BioArray MighVield RNA Transcript 
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Table 1. Oligonucleotide primers 




Gene and prirnGT 




Nudeotide 


Primer 


(fir ec Lion 


Sequence (5* - 3') 


Position 


SI 


OSgo(dT) 


5'- Bn-GGCCAGTGAATTGTAATACGACTCACTATAGGGAGGCGG- (dT) ,«-3' 




Cassette A 


SAGE 


5 * - TTTGGATTTGCTGGTCGACTACAACTAGGCTTAATCCGACATG - 3 ' 


— 






3'- *CCTAAACGACCAGCTCATGTTGATCCGAATAAGGCTp-5' 




Cassette B 


SAGE 


5 ' - pTTCATGGCGGAGACGTCCGCCACTAGTGTtXJCAACTGACTA • - 3 ' 


— 






3' - IOTAAGTACCGCCTCTGCAGGOGGTGATCACAGCGTTGACTGAT- 5' 




S2 


SAGE ■ 


5' - Bn -GGATTTGCTGGTCGAGTACA- 3 * 


— 


S3. 


SAGE 


S'-Bn-TAGTCAGGTGCGACACTAGTGGC-3' ■ 




GP4 


Glycoprotein 118 |F| 


S ' - AGGGCTTTGAGAGACTCATCTGTA - 3 ' 


2094-2117 


GP5 


Glycoprotein MB [RJ 


5 ' - ACAATCTTGCIXrrTTGGATTCTG- 3 ' 


2301-2279 


GP6 


Grycopf otein II1A |F] 


5 ' - TATAAAGAGGCCACGTCTACCTTC- 3 ' 


2335-2358 


GP'7 


Grycoprotern l)IA (R) 


5" - CACTTCCACATACTGACATTCTCC- 3 ' 


2532-2509 


PAR18 


PARI IF) 


5*-AATGTCAGTTCTGATATGGAAGCA- 3' 


2585-2608 


PAR19 


PARI [RJ 


5 ' - CCCAAATGTTCAAACTTCTTTAGC- 3 ' 


2776-2753 


SRS 


16SrRNA |F) 


5 ' - TGCAAAGGTAGCATAATCACTTGT- 3 * 


2586-2609 


SR9 


IGSrRNA [RJ 


S ' - GTTTAGGACCTGTGGGTTTGTTAG- 3 ' 


2785-2762 


NADH10 


NADH2 [FJ 


S ' - CTAGCCCCCATCTC AAATCATATAC - 3 ' 


4875-4898 


NADH11 


NADH2 (R] 


5 ' - AATGGTTATGTTAGGGTTGTACGG- 3 ' 


5075-5052 


THYM12 


Thymosin p4 [FJ 


5 '. - AAGACAGAGACGCAAGAGAAAAAT- 3 * 


135-158 


7HYM13 


Thymosin p4 (RJ 


S ' - GCAGCACAGTCATTTAAACTTGAT- 3 ' 


336-313 


CLUS14 


Cluster in |FJ 


5 ' - CCAACAG AATTCATACGAGAAGG - 3 ' 


• 1006-1028 


CLUS15 


Clusterin |R) 


5 ' - CGTTATATTKXTGGTCAACCTCT - 3 ' 


1222-1199 


NRG16 


NeuJograntn (FJ 


5 ' - GCCCTTTTAGTTAGTTCTGCAGTC- 3 ' 


1351-1374 


NRG17 


Neurograntn fR] 


5 ' - T7TTCTTTAAGTGAGTGTGCTTGG - 3 ' 


1567-1544 




T-celJ receptor 






7CR18 


p-chain |FJ 


5 ' - CCACAA CT ATGTTTTGGTATCGT - 3 ' 


131-153 




T-celt receptor 






TCR19 


p-chain [Rl 


5 ' - CT AGCA CTGCAGATGTAGAA GCT - 3 ' 


332-310 


CD4520 


CD45 if] 


b ' - GCTCAGAATGGACAAGTA - 3 ' 


3771-3788 


CD4521 


CD45 (R) 


5 ' - C A CAC C CATA CACA CATACA - 3 ' 


4280-4261 



|FJ indicates forward (sense) strand; [RJ. reverse (onlisense) strand; Bn, bk>liri; p. a phosphorylaled 5' end (cassettes A and B); underlining, WtoHl'sites in cassettes Aand B; 
arrows, corresponding sequence for S2 and S3 within cassettes A and B. respectively; bold, the Mme\ sile; and N. A. C. T. or G, nucleolide position based on the following 
accession numbers: oncoprotein 118 (J02764). glycoprotein IHA(M35999). PARI (M62424). 16S rRNA and NADH2 (NC_001807). thymosin p4 (M17733), cru5lerin(M259 15), 
neuiogranin(X9907$). TCR p-chain (AF043t82). CD45 (Y00638). 

"Indicates an Dmino- modified 3' end in both cassettes; — . nol applicable. 



Lnheling Kit {Enzo Diagnostics, Farmirigdale. NY), and. after meial- 
induccd fragmentation, )5 p-g biotinylated cRNA was hybridized to the 
JlG-U95Av2 oligonucleotide probe array for 16 hours at 45°C. After 
washing, the cRNA was detected with streptavidin-phycoeryihrin (Molecu- 
lar Probes, Eugene, OR) and analysis was completed by using a Hewlett- 
Packard Gene Array Scanner (Affymctrix). The average difference value 
(AD) for each probe set was quantified using MAS 4.0) software 
(AfFymcirix), calculated as an average of fluorescence differences for 
perfectly matched versus single- nucleotide mismatched 25-mer oligonucle- 
otides (16 to 20 oligonucleotide pairs per piobe set). The software is 
designed to exclude "positive calls"' in the presence of high average 
differences with associated high mismatch intensities. 

SAGE profiles 

Platelet SAGE libraries were generated essentially as previously de- 
scribed. '■' modified as outlined in Figure 1 for the use of \1mc\ as the 
lagging enzyme. 19 This ty pe US restriction enzyme cleaves 20 of 1 8 bp past 
its nonpalmdromic (TCCRAC) recognition sequence, thereby generating 
longer tags (21- or 22-mcr) than those obtained using Bsmf\ as the standard 
lagging enzyme (13-14 bp tags), These longer Mme l-ecr.craied tags 
potentially provide for more definitive "tag-togene" identification and aie 
particularly useful in characterizing expression patterns in the absence of 
complete genomic sequence data (comprehensive me. hods detailed in Dunn " 
ct al l? ). Briefly. poIy(A) mRNA was isolated from 10 jig total platelet RNA 
mine the oligo-ldT) SI primer conjugated to magnetic beads (Dynal 
Oiotcch. Lake Success. NY), followed by cDNA synthesis using Super- 
Sriipi II reverse transcripiasc llnvjtrogen). The cDNA wa.*- then digested 



with the restriction enzyme AVwll J (anchoring enzyme), ligatedto cassette A 
using T4 DNA ligase, and. after the beads were extensively washed, the 
cDNA was digested with Mmet to release the tags from the beads. After 
purification, lags were ligated to degenerate cassette B linkers (specifically 




Figure 1. Schema outlining the modified SAGE protocol used in platelet 
analyses. The final tags ate flanked by the W/atll (anchoring enzyme) CA7G 
sequence. Iheieby pioviding lag-to- gene identification when exported to a relational 
database (refer to'Biomtormatic analyses' andlable t loi details). 
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designed to anneal to the nonuniform Mmel overhangs), and PCR-amplified 
using biotinylaled primers S2 and S3 for 30 cycles (95°C for 30 seconds; 

. 58°C for 30 seconds; 72°C for 30 seconds) using Plalinum Taq DNA 
polymerase (Gibco BRL). A fraction (20%) of the pooled PCR products 
were then subjected lo one round of linear amplification using primer pair 
S2/S3, followed by a second round of 25 amplifications using primer S2 
alone (95°C for 30 seconds. 58°C for 30 seconds, 72°C for 30 seconds). 
Primer S3 was subsequently added for one cycle (95°C for 2.5 minutes, 
58°C for 30 seconds, 72°C for 5 minutes); the latter steps were collectively 
adapted to exclude hctcroduplcx formation." Unincorporated primers were 
removed by incubation with 200 U Escherichia coli exonuclease I for 60 
minutes at 37°C PCR products wete then pooled and digested with MolII 
to release tags, and biotinylatcd linker amis were cleared using streptavidin- 
coated immunoafnnity magnetic beads (Dynal Biotech). Tags were con- 

. catanierized using 5 11/uX T4 DNA ligase, and products more than 100 bp 
were isolated by size-fractionation in low-melting agarose gels. The DNA 
was purified by GFX spin columns, and the concatamers were cloned into 
the Sphl site of pZero (Invitrogcn). After transformation into E coli TOP10 
cells, recombinant clones were isolated and sequenced in 96-well microliter 
plates using, an AB1 377 sequencer and AB1 Prism BigDye terminator 
chemistry (Perkin-Elmer Applied Biosysiems, Branchburg, NJ). 
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Figure 2. Determination of platelet purity. (A) Total cellular RNA (1.8 jiq) Irom 
plalelel-rich plasma (PRP) or purified platelets Irom a single apheresis donor were 
analyzed by RT-PCR (35 cycles) using oligonucleotide primers specific lor glycopro- 
tein lib (GPIIb). T-cell receptor R-chain (TCRB). or CD45: 10 (iL of the 50 (iLreadions 
were analyzed by elhidium-stained agarose gel electrophoresis. Minimal lo no TCRB 
gene product was visually evident only in PRP. Size markers corresponding to 
Waelll-rBslricled .J.X174 DMA are shown. (B) Real-time RT-PCR was completed by 
using 1.8 ug total RNA and TCRB-specific oligonucleblids primers optimized lor 
quantitative analysis by real-time PCR." On the basis of parallel determinations 
using RNA isolated from known amounts of purified leukocyte standards, the 
leukocyte-depletion protocol represents an approximate 2.5-log purification from the 
starling PRP. Results are representative of one complete set of experiments repeated 
on 2 separate occasions, and data points represent the mean from triplicate wetls. 
with standard errors of the mean (SEM) less than 1% (not shown). 



Bioinformatic analyses 

Functional grouping of genes determined 10 be present by AfTymetrix MAS 
4.01 software was performed using a dChip program linked lo the National 
Center for Biotechnology LocusLink, which is an annotated reference 
database for genes and their postulated functions. 20 Of the approximately 
12 600-probe sets represented on the Affymelrix HG-U95Av2 Gene chip, 
functional annotations exist for approximately 8100 with the remainder 
categorized as unknown. Microarray data were visualized and analyzed 
using BRB-Array Tools software (Version 2.1), kindly developed and 
provided by Dr Richard Simon and Amy Peng (Iinus.nci.nih.gov/BRB- 
ArrayTools.html). A logarithmic (base 2) transformation was applied lo the 
average difference values for individual data sets for determination of 
microarray concordances. Discordancy was defined as a 2-log difference in 
the maximum log intensities between individual experiments. ' 

SAGE lags were extracted by using in-house SAGE software uniquely 
modified to identify Mmel tags. The software ensures lhal only unambigu- 
ous 21- to 22-bp tag sequences are extracted for transcript profiling. Tags 
with ambiguities (Ns). lengths other than 21 or 22 bp, or with ambiguous 
orientations were extracted to separate files for manual editing or further 
examination. Finalized dala were exported to a relational database for lag 
quantification and genetic identification/ 0 



Results 

Plalelet purification 

To ensure that the RNA profiles accurately represented those of 
circulating blood platelets, a number of complementary methods 
were implemented lo remove contaminating nucleated leukocytes. 
Purification methods incorporating gel filtration, a 5-p.ni leukocyte 
reduction filler, and magnetic CD45 irnmunodeplelion allowed for 
the cumulative enrichment of highly purified platelets. The efficacy 
of this purification method was initially established by using 
peripheral blood platelet-rich plasma as the starting material. -The 
final product contained no more than 3 10 5 leukocytes per I X I0 5 
platelets as determined by paiallcl flow cytometric analysis, 
representing an approximate 450-fold icdnclion of nucleated 
leukocytes. These results com-lated well with molecular evidence 
for leukocyte depletion as determined by RT-PCR using bolh CD45 
and T-cell receptor P-chain (TCRp) piimers (see Figure 2). 
Because the total liN.A yield horn peripheral blood platelets was 
insufficient for rmnoanay studies, we adapted the protocol 10 
plalelel apheresis donors with nearly identical final purity (Fieure 



2). The plalelet recovery was nearly 65% of the starling material, 
yielding approximately 2.3 X 10" platelets from an initial aphere- 
sis pack conlaining approximately 3.6 X 10" platelets. The bulk of 
the losses occurred during the initial cenlrifugalion and filtration 
steps. The purification protocol was less effective at removing 
erythrocytes, aldiough there were less than 50 glycophorin-positive 
cells per) X I0 5 platelets after the final purification slep. Nonethe- 
less, these cells represent unlikely sources for contaminating 
cellular RNA (see "Cellular microarray analysis" below). 

Cellular microarray analysis 

The purified platelet RNA was sufficient for microarray studies and 
was used for cRNA generation and hybridization to the AfTymelrix 
HG-U95Av2 GeneChip. The anatomic profile of platelet RNAs 
from 3 healthy male donors was determined by using AITymetrix 
softwate. Of the 12 599 probe sets imprinted onto the chip, a 
maximum of 2147 (17%) transcripts were computationally identi- 
fied as "present'' by the Affymefrix software, 152 (1.2%) were 
equivocal, and nearly 82% were absent. As a fraction of the total 
genes present on the chip, the percentage of platelet-expressed 
genes (J5%-I7%) was generally lower than lhal obtained from 
other human cell types in which 30% lo 50% of genes are present as 
determined by AITymetrix software (J. Schwedes, personal commu- 
nication, May 2002). The "limited number" of platelet-expressed 
transcripts presumably reflects the lack of ongoing gene transcrip- 
tion in the anuclcate platelet, because less than 1% of citculating 
red blood cells contain residual RNA, it is unlikely lhal any of these 
transcripts are erythrocyte derived, although Ihis was formally 
addtessed by isolating total cellular RNA from 20 mL of whole 
blood (corresponding to an ~3-log fold excess of erythrocytes than 
lhal identified in our final sample). The total cellular yield of RNA 
from this slatting material was approximately 250 ng, suggeslino. 
lhal less than I ng erylhrocyle-derived RNA was present in the 
purified plalelel prepaiaiions. Despite this, however, both o- and 
P-globin transcripts — along with both the ferritin heavy and light 
chains — wete identified as abundant transcripts (Table 2). Al- 
though the most parsimonious explanation would be icsidual contami- 
nating reticulocytes, this is not supported by our erythrocyte contami- 
nation estimates, and their significance remains unresolved. 

As a means of beliet dissecting the molecular anatomy of the 
plalelel. c.xptcsscd genes were grouped on the basis of assigned 
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Table 2. Top SO human platelet-expressed genes 



Accession no. 


Gene symbol 


AD values, range* 


Gene transcriprf 


Leukocyte exprossiont 


* Ml 7733 


TMSB4X 


140142-307 852 


Thymosin p4 mRNA, complete cds 


+ 


X9907B 


NRGN 


101 510-148 279 


Neurogranin gene 


+ 


M25079 


KBB 


40 839-229 556 


B-gtobin mRNA. complete cds 


+ 


M25915 


CLU 


84 720-140 246 


Complement cytotysis inhibitor (cJuslerin) complete cds 




JIM 755 


FTHP1 


B2 980-148 621 


Ferritin H processed pseudogene, complete cds 


_ 


D78361 


OAZ1 


73 098-118 140 


mRNA lor ornithine decarboxylase anlizyme 




X04409 


GNAS 


77 761-94 781 


mRNA for coupling protein G(s) a-subuntl (alpha-Si) 




M25897 


PF4 


62011-126 908 


Platelet factor 4 mRNA. complete cds 




'AB021288 


B2M 


■ 6t 689-108 921 


p2-microglobulin 


+ 


X00351 


ACT8 


25 143-73 775 


mRNA lor p-actin 




D2I261 


TAGLN2 


76 687-101 931 


mRNA for KIAA0120 gene 


-f 




FTLL1 


69 865-99 966 


Ferritin light polypeptide 1 


- ■ -f 




" GP1IB 


41 404-110 328 


Platelet glycoprotein lop* chain mRNA 




M2112I 


CCL5 




X-cel^ specific protein (RANTES) mRNA. complete cds 




X13710 


GPX1 


*» 1 o lO-yo Of O 


Urvspliced mRNA lor njutathtono pcroxrdaso 




J00153 


HBA1 




Alpha gtoom gene cluster on chromosome 16 




M22919 


MYL6 


AR T17 '1ftR RV\ 


Nonmusde/smooth muscle alkali myosin fight chain gene 




L20941 


FTH1 


□2 /07-/4 /OJ 


Fenilin heavy chain mRNA, complete cds 




J03040 


SPARC 


51 156-74 261 


SPARC/osleonectin mRNA complete cds 




X56009 


GNAS 


45 543-72 096 


GSA mRNA lor a subunil olGsGTP binding protein ' 




X58536 


HLA 


31 183-82 613 


mRNA Idf major HLA class I locus C heavy chain 


. + 


M54995 


PPBP 


. 46 571-67 169 ■ 


Connective tissue activation peptide III mRNA 




U34995 


GAPD 


35 095-70 250 


Normal kerarinocyte subs traction library mRNA, clone H22a 


+ 


L40399 


MLM3 


32 107-73 364 


Clone zap112 (mulL protein hbmolog 3) mRNA 




X77548 


NCOA4 


31 452-61 036 


cDNA lor RFG (RETproto-oncogene RET/PTC3) 


— 


U90551 


H2AFL. 


35 086-51 892 


Hislone 2A-like prolein (H2A/I) mRNA 




M11353 


H3F3A 


31 614-55 813 


H3.3 histone class C mRNA 




Z 12962 


RPL41 


36 003-54 853 


mRNA lor homologue to yeast ribosomal protein L4 1 




X06956 


TUBA1 


20 988-61 798 


HALPNA 44 gene lor a-tubufin 




AB028950 


TLN1 


24 571-58 611 


mRNA lor KIAA 1027 protein 




Y1271 1 


PGRMC1 


33 680-43 1 74 


mRNA for putative progesterone binding protein 




M 16279 


MIC? 


30 B94-48 166 


Integrated membtone protein (MIC2) mRNA 




078577 


T WI1AM 


. -24 785-50 437 


Drain 14-3-3 protein Q.-chain 




AF0705B5 


TOP3B 


20 027-67 945 


Clone 24675, unknown cDNA 






Unknown 


13 Qlx^ct) 101 


CDNA, IMAGE clone 954213 




AB 0090 10 


UBC 


28 745-38 389 


mRNA (or potyubiquitin UbC , 


+ 


X57985 


H2AFQ 


21 678-52 108 


Genes lor histories H2B. 1 and H2A 




X54304 


MLCB 


25 733-34 109 


mRNA lor myosin regulotory fight chain 




M 14539 


F13A1 


23 691-48 474 


Factor XW subunit n-polypeptide mRNA. 3' end 




AI540958 


Unknown 


24 872-41 118 


cDNA.PEC t.?_15_HOr.r5'end/clon 




AL050396 


FLNA 


13 634-55 235 


cDNA DKFZp 586K 1 720 




X 56841 


HLA-E 


12 890-49 327 


Nonctassicat MHC class 1 antigen gene 




M26252 


PKM2 


15 450-47 786 


TCB (cylosoBc thyroid hormone-binding protein) 




M 14630 


P7MA 


19 314-45 088 


Prothymosin alpha mRNA 




AF045229 


RGS10 


19 156-34 243 


Regulator ol G protein signaling 10 mRNA 




AA477898 


Unknown 


16 863-44 756 


cDNA. Z83410S.II5' end 




X95404 


FL1 


15 216-37 456 


mRNA lor nonmuscle type corilin 




M34480 


I7GA2B 


8 627-45 495 


Platelet glycoprotein lib (GPIlb) mRNA 




283738 


H2BFE 


18 001-31 306 


HH2B/e gene 




L 19779 


H2AFO 


17 319-38 951 


Histone H2A.2 mRNA, complete cds 





'Gene expression quantifications were calculated as the overage dilleience (AD) value (matched versus mismatched oligonucleotides) lor each probe set using Atfymctiix 
GeneChip software, version 4.01. The range ol values from 3 distinct platelet rnicroanays is shown: ihe normalization value tor all microarray analyses was 250. 

t Transcripts 3re rank- ordered (highest to lowest) using BRB-AirayTools software hy log- intensities o( AD values obtained trom 3 differ enl healthy donors; 33 ol the lop 40 
transc/rpls were lisled among ihe lop 50 in all 3 microarray sets. 

t Leukocyte opiessionwas detennined by microarray analysis using purified peripheral blood leukocytes, followed by construction ol rank-intensity plots for comparison to 
platelet lop 50 transcripts. 70 Top leukocyte-derived transcripts identified within ihe ranked lop 50 platelet transcripts are depicted by a ) present, or (- ) absent. 

cds indicates coding sequence. 

and RcfSeq databases. 2 ' These results identify a vast array (nearly 
one half) of platelet genes (and gene products) that presumably 
have important, but poorly characterized functions, in platelel 
and/or megakaryocyte biology. 

Although microarray analysis is not truly qualitative, rank- 
ordering using the mean Jog-intensities from 3 independent microar- 
ray analyses allowed for the categorization of the top platelet 
transcripts (Table 2). Computational analyses demonstrated that 



gene annotations, and this analysis was used to provide a pan- 
oramic definition ol the platelet transcriptome.-Of the genes thai 
could be cataloged within assigned "clusters." those involved in 
metabolism (11%) and receptor/signaling (11%) represented the 
largest groups. Also evident in these analyses is ihe relatively large 
percentage of genes involved in functions unrelated to these key 
groups lie, miscellaneous,. 25%). and the overrepresenlation of 
genes wiin unknown function (32%) as annotated by Aftymetrix 
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only 10 of Ihe top 100 genes were discordant among the 3 platelet 
microarrays, although 71 of 100 genes were discordant between 
platelet and leukocyte arrays. An inventory of the lop 50 platelet 
genes is listed in Table 2, which also delineates those found to be 
highly expressed in peripheral blood leukocytes by parallel microar- 
ray experiments with this purified cellular fraction (data not 
shown). Further analysis of these cell subsets demonstrated that 
approximately 25% (n = 547) of Ihe total platelet transcripts were 
platelet restricted. Furthermore^ only 10 of the 50 most highly 
expressed genes were found to overlap, confirming the distinct 
cellular profiles of each Iranscriptome. Of the 12 overlap genes, 3 
corresponded to globin or ferritin chains (again suggesting the 
presence of contaminating reticulocytes in both purified fractions), 
and another 4 were involved in actin cyloskeletal reorganization' 
and human leukocyte antigen (HLA) expression, gene products that 
regulate critical functions in both cell types. Given the importance 
of cyloskeletal reorganization in downstream platelet activation 
events, it is not unexpected that components of the actin machinery 
syslem would demonstrate prominent transcript expression. Previ- 
ous estimates suggest that 20% lo 30% of the total platelet 
proleome is comprised of actin with other components such as 
actin-bihding protein, mysosin, and talin accounting for an addi- 
tional 2% lo 5% of the total protein.' M The mRNAs encoding ihe 
actin-related machinery are overrepresenled in our microarray 
analysis, with 8 such transcripts found among Ihe 50 highest 
platelet-expressed genes. Interestingly thymosin p4 demonstrated 
Ihe highest expression pattern. In unstimulated platelets, 30% to 
40% of actin is polymerized as F-aclin 22 whereas the balance of 
aclin monomers (G-aclin) are polymerization inhibited by seques- 
tering proteins such as profilin (100 11M) and thymosin P4 (600 
u-M)." The high thymosin 04 transcript expression not only 
correlates with its known abundance in platelets but also supports 
Ihe importance of aclin inhibitory proteins in maintaining Ihe 
nonslimulaled stale of circulating platelets. 

Platelet SAGE analyses 

Although these initial studies identified ihe distribution and relative 
expression patterns of the genes within the Affymetrix data set, 
they do not allow for analyses of genes thai arc unrepresented by 
these oligonucleotide chips. Unlike closed microarray profiling 
strategies, SAGE is an open architectural syslem lhal is ideally 
suited for novel gene and pathway idenlification. Accordingly, Ihe 
platelet RNA used for microarray studies was used for platelet 
SAGE. A tola! of 2033 lags were initially cataloged, of which 1800 
(89%) corresponded to milochondrial-derived genes. These results 
weie quite different from those obtained by microarray analyses, 
but Ihe discrepancy can be resolved by the nonrcpresenlalion oflhe 
mitochondrial genome on Ihe gene chip. The mitochondrial ge- 
nome is a compact approximately 16.f>-kilobase (kb) sequence 
encoding 13 genes and 2 ribosomal subunils. 34 Primary mitochon- 
drial irnnscripls are polycislronic and typically contain premature 
termination or unpredictable splice sites, resulting in multiple 
polyadenylated transcripts from individual genes.-' 4 - 5 Indeed, the 
overall distribution of platelet-derived mitochondrial SAGE laes is 
quite similar lo that found in muscle.'-' All 13 acnes containing 
Mrdll sites were delected, whereas neither of ihe non-AVoHl- 
conlaining genes were identified ( nicotinamide adenine dinuclco- 
tidc INAD1IJ dehydrogenase subunil 41. and adenosine triphos- 
phatase |ATPase) S). Mosl of the lags were from Ihe I6S and I2S 
ribosomal RNAs — which collectively accounted for 68% of ihe 
total mitochondrial lags — with the fewest lags reprcscnicd by 
NADU dehydrogenase subiinils 3. 5. 6. and cytochrome c oxidase I 
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Figure 3. Schema of the mitochondrial genome with SAGE lag distributions 
(only tags with identical matches are displayed). The abundance of the SAGE 
tags (n - 1800) at individual AOalll sites (arrows) within Ihe mitochondrial neavy 
strand is shown on the bottom, whereas those tags corresponding lo the mitochon- 
drial light strand are dertneated above Ihe arrows (Ihe presonce ot an unaccompanied , 
arrow implies no SAGE lags at that Matll site). The gene products ot mt-DNA 
(RelSeq accession no. NC_O018O7) are delineated by the open rectangles, whereas 
stippled boxes represent IRNA genes and control regions (the single tag represented 
by the [•) relers lo mitochondrial transfer RNA-serine). Note thai MADH6 is encoded 
by Ihe light strand and that there are no Malll sites within Ihe ATPaseB gene segment. 
CO[n), cytochrome c oxidase subunit; Cyl b, cytochrome b. 

(Figure 3). The NADH dehydrogenase subunit 6 RNA is the only 
mRNA encoded by the light (L) strand of mitochondrial DNA and 
was Ihe least abundantly detected transcript. 

The unusually high preponderance of mitochbndrial-derived 
genes is not inconsistent with the known enrichment of these 
genomes in human platelets,'- 24 and presumably reflects persistent 
transcription from the mitochondrial (mt) genome in Ihe absence of 
nuclear-derived transcripts. This ovenepresentalion of mlDNA in 
platelets is considerably greater than that of its closest cell type 
(skeletal muscle), in which mt genomes represent approximately 
20% to 25% of all SAGE tags. 25 Interestingly, the energy metabo- 
lism of platelets is not dissimilar from that of skeletal muscle, both 
cell types actively using glycolysis and large amounts of glycogen 
for ATP generation. 2 * Like muscle, platelets are metabolically 
adapted lo rapidly expend large amounts of energy required for 
aggregation, granule release, and clot retraction. Similar lo the 
situation in all eukaryolic cells, platelet mitochondria represent Ihe 
primary source of ATP, which is generated from oxidative phosphor- 
ylation reactions occurring within Ihcse organelles. Mitochondria 
are also responsible for most of Ihe loxic reactive oxygen species 
generated as by-products of oxidative phosphorylation and are 
cenlral regulators of the apoptotic process in other cellular types. 
Ihe mtDNA encodes polypeptides found within 4 of ihe 5 
multifunctional complexes that regulate oxidative phosphorylation 
within the platelet mitochondria. 27 Whether Ihe continued genera- 
tion of these polypeptides has a role in platelet energy metabolism 
and/or the apoptotic mechanisms tegulaling platelet survival re- 
mains speculative, although noi inconsistent with our observations. 

Comparative analysis of SAGE and microarray 
transcript abundance 



Complete SAGE libraries require Ihe sequencing of up lo 30 000 
lags fot an exhaustive cataloging of individual mRNAs, especially 
those with limited copy numbers."- 2 ' Given Ihe preponderance of 
mtderived transcripts, comparable sampling would have required 
sequence analysis of nearly 300 000 SAGE lags, an inoidinate 
number for comprehensive analysis of Ihe platelet Iranscriptome. 
For platelets, alternative methodologies incorporating subtractive 
SAGE will be required foi more comprehensive transcript profil- 
ing.'" Our initial sampling of nomnitochondrial genes remains 
informative, however, and entirely consistent wilh the results of 
platelet microarray studies. As shown in Table 3, SAGE tags fot the 
genes encoding thymosin 04, p2-microglobnlin, neurogranin. and 
ihe plaielei glycoprotein lbP polypeptide were among Ihe most 
frequently identified plaielei genes, similar lo the rank-ordered 
results determined by microarray analysis. To formally confirm the 
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Table 3. SAGE-identified nonrmtochondrial tags 


Frequency 


CATG + SAGE lags - 


Accession no.t 


Gene 


Miaoarrayt 


26 


GTTGTGGTTAATCTGGT 


NM_00404«.1 


^-microglobulin (B2M). mRNA 


PPP 


21 


TTGG7GAAGGAAGAAGT 


NM.021 109.1 


Thymosin B4 ; X chromosome (TMSB4X). mRNA 


P 


8 


AGCTCCGCAGCCAGGTC 


NM_002620.1 


Ptatetel factor 4 variant 1 (PF4VI).' mRNA 


P 


8 ■ 


AGCTCCGCAGCCGGGTT 


NM_002619.1 


Pfaterel factor 4 (PF4). mRNA 


P 


7 


TGTATAAAGACAACCTC 


NM_002704.1 


Proplatelel basic protein (B-lhrombogJobuRn) 


Pp 


5 


GGGCACAATGCGGTCCA 


NM_(XXM07.I 


Glycoprotein Ib0 polypeptide. mRNA 


P 


3 


AGGTAATAAAAGGTAAT 


NM_003512.1 


H2A Nstone family, member L (H2AFL). mRNA 


P 


3 


AGT GGCAAGT AAATGGC 


NM_021914.2 


Coffin 2 (musdej (CFL2). mR(IA 


N/A 


3 


TGACTGTGCTGGGTTGG 


NM_006176.t 


Neurogranin (protein kinase C substrate. RC3) mRNA 


P 


3 


TTGGGGTTTCCTTTACC 


NM_002032.1 


Ferritin, heavy polypeptide 1 (FTH1), mRNA 


P 


2 


CCCTTGTGACTACCTAT 


NM_025158.1 


Hypolhetical protein FU22251 (FLJ22251), mRNA 


N/A 


2 


CCTGTAACCCCAGCTAC 


NM.032779.1 ' 


Hypothetical protein FU14397 (FLJ14397), mRNA 


N/A 


2 


CTTGTAGTCCCAGCTAC 


NM.0179621 


Hypothetical protein FL J20825 (FLJ20B25). mRNA 


N/A 



•Unique tags identified mote than once. 

t Refers to the RetSeq accession no. 2 ' Note that this number does not necessarily correspond to the accession no. provided byAfrymetrix software annotations (Table 1). 

^Presence (P) or absence (A) is based oh results from 3 distinct platelet microanay experiments. Capitalized "PT designates a gene that is in the top 50 on aD 3 microarray 
experiments, whereas small "p" designates those transcripts nol.in the lop 50. Two of the genes (B2-rrricroglobulin and ft-thromboQlobulin).are represented by 3 and 2 probe 
sets, respectively, on theHG-U95Av2 gene chip; for 02-M, all 3 probe sets were in the top 50 genes, whereas for thymosin 04 1 of 2 wasin the top 50 for all experiments (the 
other probe set was in the top 75 for all experiments). N/Aindicates oligonucleotide not present on Atfymetrix HG-U95Av2 gene chip. 



results independently obtained by SAGE and microarray analysis, 
quantitative RT-PCR was completed by using oligonucleotide 
primers specific for 2 abundant mitochondrial transcripts, I6S 
rRNA and NADH2 thymosin (54 (high-abundance by microarray 
and SAGE), 2 incompletely characterized high-abundance tran- 
scripts (neurogranin and clusterin; see "Protein immunoanalysis of 
platelet clusterin and neurogranin"), a low-abundant transcript 
(T-cell receptor (5-polypeptide), and the genes encoding proteins 
with well-established quantitative determinations (ie, glycoprotein 
a nnp3 [~50 000 receptors/platelet]; protease-activated receplor-1 
(PARI) [—1800 receplois/plalelct]). 1 As shown in Figure 4, these 
analyses reveal excellent concordance between SAGE'and microar- 
ray studies, demonstrating the predominant frequency of the 
.milochondrial-derived 16S rRNA/NADH2 transcripts, with incre- 
mentally lower expression of other transcripts as initially demon- 
strated by microarray (1 6S > NADH2 > thymosin (J4 > neurogra- 
nin > clusterin > n Mn p, > PAR I > TCRf3). 

Given the small number of nonmilochondrial SAGE lags 
available for analysis (n = 233), limited conclusions can be drawn 
using traditional (nonsublraclion) platelet SAGE libraries as prc- 




" Figure 4. Quantitative rcnl-lime RT-PCR analysis ol pl3lelet transcripts. Real- 
time RT-PCR was completed by using purified platelet RNA and oligonucleotide 
primer pahs specifically designed using Piimer3 soltware to generate similarly-sized 
(~?0O-bp) PCR proUucls. oplimircd to the same annealing temperature. In graph. 
(O) represents lib. (■) represents Ilia. (^) represents PARI. (A) represents 1GS 
rRNA. (^) reptesenls NADU?. (▼) represents thymosin, (O) represents clusterin. (♦) 
represents neurogranin. and (•) represents TCRp. Curves are representative ol one 
complete set ol experiments (repealed twice), and line plols reflect average 
determinations Irorn 3 wet's performed in parallel wilh SEW less than 1% tor at! 
data points. 



senled here. Overall, a total of-126 unique tags were identified, the 
majority of which (94) were represented only once. Of the total 
unique tags, nearly one half represented novel genes hot present on 
the Affymetrix U95Av2 GeneChip. Of the genes with unique tags 
identified more than once, there was excellent concordance with 
microarray expression analysis, with nearly all of the SAGE tags in 
Table 3 corresponding to platelet top 75 microarray Iranscripts. The 
platelet factor (PF) 4 variant represents a single aberration because 
this was rank-ordered approximately 350 by microarray, although 
its SAGE tag frequency was identical lo that of the predominant 
PF4 transcript. The lack of extensive nonmilochondrial SAGE 
sampling precludes any further extrapolations from this apparent 
aberration. Of note, a subset of these lags had long poly(A) tracts; 
allhough Ihey all corresponded to genes identified in the RefSeq 
database. 71 We cannot exclude the possibility of a SAGE artifact 
for this small subset of tags (—2%, representing 46 of 2033 tags), 
although the authenticity of the vast majority of lags (~98%) 
clearly validates the methodology. These tags are most likely 
explained by the unique biology of the platelet (ie, mRNA decay in 
Ihe absence of de novo transcription) or lo mRNA degradation 
occurring during the extensive purification methods. In summary, 
even wilh a remarkably limited sampling,- the power of this 
approach in gene identification of relatively abundant and less 
abundant lianscripjs is evident. It is clear, however, given the 
unique molecular anatomy of the platelet (ie, abundance of 
mitochondrial transcripts), thai SAGE adaptations will be required 
for more comprehensive genetic profiling." 

Protein immunoanalysis of platelet clusterin and neurogranin 

Although most of ihe "most abundant 1 ' transcripts would conform 
to a priori predictions for platelet-expressed inRNAs, a number of 
transcripts were identified that had been pootly characterized in 
human platelets. To further establish the authenticity of highly 
expressed iranscripts such as clusterin and neurogranin, confirma- 
tory protein analyses were completed. As shown in Figure 5, both 
proteins wetc clearly delected in purified platelet lysates: further- 
more, their cellular platelet distributions conformed to those 
predicted based on previously proposed functions. Nolc for ex- 
ample that clusterin — functionally .characterized as a complement 
lysis inhibitor able lo block the terminal complement teaclion — is 
primarily expressed on the extracellular platelet membrane. 311 
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Figure 5. Immunoanarysis of platelet neurogranin and 
dusterin. (A-O) Get-Htered otatotoo was either bed in 
3,7% loirnaktehydB'tnonpermeabifizod) fx feed with peitne- 
ablzatjon in the presence of 0.1% Tritoo-X: fallowed by Bow 
cytometric analysis using anScrUslenvanti-nh'llla, Of antihei> 
rogranin antibodies and Ihe FtTDtonjugated species- 
specific secondary antibody (in C FIT&conjjgatsd 
anarabbit and antimouse controls are' essentially superim- 
posed). (E-F) Ten moograms of sohjbSzed HepG2 oette 
(hepatocyte cell &ie), human brain, or purified ptatoJet lysates 
were analyzed by SOS-PAGE," end 'mnunoblot analysis 
were completed by using 1:1000 dilutions of erttier anSneuro- 
granin (18% SDS-PAGE) or antdustBrin (8% SDS-PAGE) 
antibodies. The antidustorih antibody recognized 2 platelet 
bnmunor eadive species under, shorter exposure. Although 
the relative neurogranin and'dusterin protein abundances 
are suboptimalry quantified by those.ariaryses, pbtetel (Ajs- 
terin appears to demonstrato considerable expression when 
compared with that previously identified in hrjpatocytes.* 



Given the importance of complement activation in platelet destruc- 
tion, the prominent expression of cell-surface clusterin might 
suggest a role for this protein in normal and pathologic events 
regulating platelet survival. Interestingly, a clusterin-deficient 
knockout mouse has been generated lhat demonstrates enhanced 
cardiac dysfunction in a model of autoimmune myocarditis. 31 
Although these mice apparently have normal baseline hemograms 
(B. Aronow, personal communication, October 2002), it remains 
reestablished if Ihey would be predisposed lo immune-type 
thrombocytopenia in systemic models of autoimmunity. 

Similarly, Ihe gene encoding an intracellular effector protein 
thai may have key roles in downstream platelet activation events 
has now been demonstrated to have abundant transcript expression 
in human platelets. Neurogranin is a highly expressed platelel 
transcript with its gene product demonstrating a primarily intracel- 
lular pattern of distribution. Neurogranin is generally described as a 
brain-specific, Ca ?4 -sensitive c.ilmodulin-binding plmsphoprotein 
lhat is preferentially expressed in neuronal cell bodies and den- 
drites."" It is a specific protein kinase C (PKC) substrate thai can 
also be modified by nitric oxide and other oxidants to form 
intramolecular disulfide bonds. Both its phosphorylation and 
oxidation stale attenuate its binding affinity for calmodulin. 33 In 
stimulated platelets, PKC generation is linked to various activation 
pathways such as calcium-regulated kinases, mitogen-aclivated 
protein (MAP) kinases, and receptor tyrosine kinases.'-Thus, these 
observations suggest that platelel neurogranin may function as a 
previously unidentified component of a PKC-dependent activation 
pathway coupled 10 one (or more) of these effector proteins. 



Discussion 

These daia provide documentation for a unique platelet mRNA 
profile lhat may provide a tool for analyzing platelet molecular 
networks. Nonetheless, the molecular analysis of the platelel 
Imnscripiome may be confounded by ihe constant decay of 
mRNAs in the absence of new gene transcription, a situation thai 
may. for example, limit the identification of low-abundance 
transcripts. Similarly, because Ihe circulating platelel pool contains 



a mixed population of variably aged platelets, a "static" mRNA 
profile represents an average of this heterogeneous blood pool. 
Despite these potential limitations, the combination of genomic 
and proteomic technologies are likely lo provide powerful tools for 
the global analysis of platelet function. Current strategies for 
cataloging "whole cellular proteomes" are generally accomplished 
by using 2 developing methodologies:,( I ) high resolution 2-dimen- 
siona) polyacrylamide gel electrophoresis (2-DE) with mass spec- 
trometric sequence identification, 34 and (2) microcapillary liquid 
chromatography with tandem mass spectrometry (uJX-MC/ 
MC). 35 Further modifications of both procedures have been devised 
for direct comparative studies between 2 cellular proteomes. The 
introduction of 2-DE differential gel electrophoresis has now made 
it possible to delect and quantify differences between experimental 
sample pairs resolved on the same 2-dimensional gel. 36 Likewise, 
the application of isotope-coded affinity tags lo llLC-MC/MC 
represent a novel means of quantitative analyses between cellular 
proteomes. 37 The success of both approaches relies on Ihe availabil- 
ity of comprehensive genomic databases and mathematical algo- 
rithms for optimal protein identification. Indeed, mathematical 
modeling studies have demonstrated the need to delineate both 
protein and mRNA expression levels for optimal definition of 
intracellular networks. 3 ' Our data present an initial framework for 
delineating platelel function by defining the molecular anatomy of 
human platelets, information thai is likely to provide important 
clues into the dynamic protein interactions regulating normal and 
pathologic platelet functions. Furthermore, because ihe platelet 
iranscriptome mirrors Ihe mRNAs derived from precursor 
megakaryocyles, Ihese analyses may provide insights into the 
biochemical and molecular events regulating megakaryocytopoi- 
esis and/or proplaielet formation. 
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The DEAD box gene, DDX1, is a putative RNA helicase 
that is co-amplified with MYCN in a subset of retinoblas- 
toma (RB) and neuroblastoma (NB) tumors and cell 
lines. Although gene amplification usually involves hun- 
dreds to thousands of kilobase pairs of DNA, a number of 
studies suggest that co-amplified genes are only overex- 
pressed if they provide a selective advantage to the cells 
in which they are amplified. Here, we further character- 
ize DDX1 by identifying its putative transcription and 
translation initiation sites. We analyze DDX1 protein 
levels in MYCATDDXi-amplified NB and RB cell lines 
using polyclonal antibodies specific to DDX1 and show 
that there is a good correlation with DDX1 gene copy 
number, DDX1 transcript levels, and DDX1 protein lev- 
els in all cell lines studied. DDX1 protein is found in both 
the nucleus and cytoplasm of DDX1 -amplified lines but 
is localized primarily to the nucleus of nonamplified 
cells. Our results indicate that DDX1 may be involved in 
either the formation or progression of a subset of NB 
and RB tumors and suggest that DDX1 normally plays a 
role in the metabolism of RNAs located in the nucleus of 
the cell. 



DEAD box proteins are a family of putative RNA helicases 
that are characterized by eight conserved amino acid motifs, 
one of which is the ATP hydrolysis motif containing the core 
amino acid sequence DEAD (Asp-Glu-Ala-Asp) (1-3). Over 40 
members of the DEAD box family have been isolated from a 
variety of organisms including bacteria, yeast, insects, amphib- 
ians, mammals, and plants. The prototypic DEAD box protein 
is the translation initiation factor, eukaryotic initiation factor 
4A, which, when combined with eukaryotic initiation factor 4B, 
unwinds double-stranded RNA (4). Other DEAD box proteins, 
such as p68, Vasa, and An3, can effectively and independently 
destabilize/unwind short RNA duplexes in vitro (5-7). Al- 
though some DEAD box proteins play general roles in cellular 
processes such as translation initiation (eukaryotic initiation 
factor 4A (4)), RNA splicing (PRP5, PRP28, and SPP81 in yeast 
(8-10)), and ribosomal assembly (SrmB in Escherichia coli 
(11)), the function of most DEAD box proteins remains un- 
known. Many of the DEAD box proteins found in higher eu- 
karyotes are tissue- or stage-specific. For example, PL10 
mRNA is expressed only in the male germ line, and its product 
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has been proposed to have a specific role in translational reg- 
ulation during spermatogenesis (12). Vasa and ME31B are 
maternal proteins that may be involved in embryogenesis (13, 
14). p68, found in dividing cells (15), is believed to be required 
for the formation of nucleoli and may also have a function in 
the regulation of cell growth and division (16, 17). Other DEAD 
box proteins are implicated in RNA degradation, mRNA stabil- 
ity, and RNA editing (18-20). 

The human DEAD box protein gene DDX1 1 was identified by 
differential screening of a cDNA library enriched in transcripts 
present in the two RB cell lines Y79 and RB522A (21). The 
longest DDX1 cDNA insert isolated from this library was 2.4 kb 
with an open reading frame from position 1 to 2201. All eight 
conserved motifs characteristic of DEAD box proteins are found 
in the predicted amino acid sequence of DDX1 as well as a 
region with homology to the heterogeneous nuclear ribonucle- 
oprotein U, a protein believed to participate in the processing of 
heterogeneous nuclear RNA to mRNA (22, 23). The region of 
homology to heterogeneous nuclear ribonucleoprotein U spans 
128 amino acids and is located between the first two conserved 
DEAD box protein motifs, la and lb. 

The proto-oncogene MYCN encodes a member of the MYC 
family of transcription factors that bind to an E box element 
(CACGTG) when dimerized with the MAX protein (24, 25). The 
MYCN gene is amplified and overexpressed in approximately 
one-third of all NB tumors (26, 27). Amplification of MYCN is 
associated with rapid tumor progression and a poor clinical 
prognosis (26, 27). MYCN overexpression is usually achieved 
by increasing gene copy number rather than by up-regulating 
basal expression of MYCN (27, 28). Because gene amplification 
involves hundreds to thousands of kilobase pairs of contiguous 
DNA (29-32), it is possible that co-amplification of a gene 
located in proximity to MYCN may contribute to the poor 
clinical prognosis of A/YCN-amplified tumors. The DDX1 gene 
maps to the same chromosomal band as MYCN, 2p24, and is 
located -400 kb telomeric to the MYCN gene (33-36). All four 
MYCfV-amplified RB tumor cell Lines tested to date are ampli- 
fied for DDX1 (21), 2 while approximately two-thirds of NB cell 
lines and 38-68% of NB tumors are co-amplified for both genes 
(37-39). George et al. (39) found a significant decrease in the 
mean disease-free survival of patients with DDX1 1 MYCN-am- 
plified NB tumors compared with MYCAf-amplified tumors. 
Similarly, Squire et al. (38) observed a trend toward a worse 
clinical prognosis when both genes were amplified in the tu- 
mors of NB patients. To date, there have been no reports of a 



1 The abbreviations used are: DDX1, DEAD bar 1; NB, neuroblas- 
toma; RB, retinoblastoma; RACE, rapid amplification of cDNA ends; 
PAGE, polyacrylamide gel electrophoresis; nt, nucleotide(s); MOPS, 
4-morpholinepropanesulfonic acid; bp, base paiKs); kb, kilobase(s) or 
kilobase pairts). 

2 R. Godbout, unpublished results. 
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tumor amplified only for DDX1, and the role that this gene 
plays in cancer formation and progression is not known. 

Because of the high rate of rearrangements in amplified 
DNA (31, 40), it is unlikely that a gene located —400 kb from 
the MYCN gene will be consistently amplified as an intact unit 
unless its product provides a growth advantage to the cell. 
Based on Southern blot analysis, the DDX1 gene extends over 
more than 30 kb, and there are no gross rearrangements of this 
gene in DDX1 -amplified tumors (21, 38). Furthermore, there is 
a good correlation between DDX1 transcript levels and gene 
copy number in the tumors analyzed to date. However, we need 
to show that DDX1 protein is overexpressed in DDX1 -amplified 
tumors if we are to entertain the possibility that this protein 
plays a role in the tumorigenic process. Here, we isolate and 
characterize the 5 '-end oiDDXl mRNA and extend the DDX1 
cDNA sequence, by ~300 nt. We identify the predicted initia- 
tion codon of DDX1 and generate antisera that specifically 
recognize DDX1 protein. We analyze levels of DDX1 protein in 
both DDX1 -amplified and nonamplified RB and NB tumors and 
study the subcellular location of this protein in the cell. 

MATERIALS AND METHODS 

Library Screening — A human fetal brain cDNA library (Stratagene) 
was screened using a 320-bp DNA fragment from the 5'-end of the 
2.4-kb DDX1 cDNA previously described (23). Phagemids containing 
positive inserts were excised from A ZAP II following the supplier's 
directions. The ends of the cDNA inserts were sequenced using the 
dideoxynucleotide chain termination method with T7 DNA polymerase 
(Amersham Pharmacia Biotech). 

A human placenta genomic library (CLONTECH) was screened with 
the 5'-end of DDX1 cDNA. Positive plaques were purified, and the 
genomic DNA was analyzed using restriction enzymes and Southern 
blotting. ficoRI-digested DNA fragments from these clones were sub- 
cloned into pBluescript and digested with exonuclease III and mung 
bean nuclease to obtain sequentially deleted clones. The exon/intron 
map of the 5' portion of the DDX1 gene was obtained by comparing the 
sequence of DDX1 cDNA with that of the genomic DNA. 

Rapid Amplification of cDNA Ends (RACE) — We used the Ampli- 
FINDER RACE kit (CLONTECH) to extend the 5'-end of DDX1 cDNA. 
Briefly, two ixg of poly(A) + RNA isolated from RB522A was reverse 
transcribed at 52 °C using either primer PI or P3 (Fig. 1A). The RNA 
template was hydrolyzed, and excess primer was removed. A single- 
stranded AmpliFINDER anchor containing an EcoRI site was ligated to 
the 3'-end of the cDNA using T4 RNA ligase. The cDNA was amplified 
using either primer P2 or P4 (Fig. 1A) and AmpliFINDER anchor 
primer. RACE products were cloned into pBluescript. 

Primer Extension — Poly(A) + RNAs were isolated from RB and NB 
cell lines as described previously (21, 38). The 21-nt primers 5'-TTCGT- 
TCTGGGCACCATGTGT-3' (primer P4 in Fig. LA) and 5'-TGGGAC- 
CTAGGGCTTCTGGAC-3' (primer P3 in Fig. LA) were end-labeled with 
Iy- 32 P]ATP (3000 Ci/mmol; Mandel Scientific) and T4 polynucleotide 
kinase. Each of the labeled primers was annealed to 2 jig of poly(A) + 
RNA at 45 °C for 90 min, and the cDNA was extended at 42 °C for 60 
min using avian myeloblastosis virus reverse transcriptase (Promega). 
The primer extension products were heat-denatured and run on a 8% 
polyacrylamide gel containing 7 m urea in lx TBE buffer. A G + A 
sequencing ladder served as the size standard. 

SI Nuclease Protection Assay — The SI nuclease protection assay to 
map the transcription initiation site of DDX1 was performed as de- 
scribed by Favaloro et al. (41). The DNA probe was prepared by digest- 
ing genomic DNA spanning the upstream region of DDX1 and exon 1 
with Aval, labeling the ends with Iy- 32 P]ATP (3000 Ci/mmol) and 
polynucleotide kinase, and removing the label from one of the ends by 
digesting the DNA with SphI (Fig. 4). The RNA samples were resus- 
pended in a hybridization mixture containing 80% formamide, 40 mM 
PIPES, 400 mM NaCl, 1 mM EDTA, and the heat-denatured Sphl-Aual 
probe labeled at the Anal site. The samples were incubated at 45 °C for 
16 h and digested with 3000 units/ml SI nuclease (Boehringer Mann- 
heim) for 60 min at 37 °C. The samples were precipitated with ethanol; 
resuspended in 80% formaldehyde, TBE buffer, 0.1% bromphenol blue, 
xylene cyanol; denatured at 90 °C for 2 min; and electrophoresed in a 7 
M urea, 8% polyacrylamide gel in TBE buffer. 

Northern and Southern Blot Analysis — Poly(A) + RNAs were isolated 
from RB and NB cell lines as described previously (21, 38). Two fig of 



poly(A) + RNA/lane were electrophoresed in a 6% formaldehyde, 1.5% 
agarose gel in MOPS buffer (20 mM MOPS, 5 mM sodium acetate, 1 mM 
EDTA, pH 7.0) and transferred to nitrocellulose filter in 3 M sodium 
chloride, 0.3 M sodium citrate. The filters were hybridized to the follow- 
ing DNA probes, 32 P-labeled by nick translation: (i) a 1.6-kb ficoRI 
insert from DDX1 cDNA clone 1042 (21), (ii) a 260-bp cDNA fragment 
spanning the 3'-end of DDX1 exon 1 as well as exons 2 and 3, (iii) a 
160-bp fragment derived from the 5'-end of DDX1 exon 1, and (iv) 
a-actin cDNA to control for lane to lane variation in RNA levels. Filters 
were hybridized and washed under high stringency. Southern blot 
analysis was as described previously (21). 

Preparation of Anti-DDXl Antiserum — To prepare antiserum to the 
C terminus of the DDX1 protein, we inserted a 1.8-kb EcoRI fragment 
from bp 848 to 2668 of DDX1 cDNA (Fig. LB) into EcoRI-digested 
pMAL-c2 expression vector (New England Biolabs). DH5o cells trans- 
formed with this vector were grown to mid-log phase and induced with 
0.1 mM isopropyl-l-thio-f3-D-thiogalactoside. The cells were harvested 

3— 4 h postinduction and lysed by sonication. Soluble maltose binding 
protein-DDXl fusion protein was affinity-purified using amylose resin, 
and the maltose-binding protein was cleaved with factor Xa. The DDX1 
protein was purified on a SDS-PAGE gel, electroeluted, and concen- 
trated. Approximately 100 /xg of protein was injected into rabbits at 

4- 6-week intervals. For the initial injection, the protein was dispersed 
in complete Freund's adjuvant (Sigma), while subsequent injections 
were prepared in Freund's incomplete adjuvant. Blood was collected 
from each rabbit 10 days after injection, and the specificity of the 
antiserum was tested using cell extracts from RB522A. To prepare 
antiserum to the N terminus of DDX1 protein, a DDX1 cDNA fragment 
from bp 268 to 851 (Fig. IB) was inserted into pGEX-4T2 (Amersham 
Pharmacia Biotech). The recombinant protein produced from this con- 
struct contains the first 186 amino acids of the predicted DDX1 se- 
quence. Soluble glutathione S-transferase-DDXl fusion protein was 
purified with glutathione-Sepharose 4B (Amersham Pharmacia Bio- 
tech). The glutathione S-transferase component of the fusion protein 
was cleaved with thrombin. 

Subcellular Fractionations and Western Blot Analysis — We used two 
different procedures for subcellular fractionations. First, we isolated 
nuclear and S100 (soluble cytoplasmic) fractions from RB522A, IMR-32, 
Y79, RB(E)-2, HeLa, and HL60 using the procedure of Dignam (42). On 
average, we obtained 5—6 times more protein in the cytosolic fractions 
than in the nuclear fractions. Second, 10 s RB522A cells were lysed and 
fractionated into S4 (soluble cytoplasmic components), P2 (heavy mito- 
chondria, plasma membrane fragments), P3 (mitochondria, lysozymes, 
peroxisomes, and Golgi membranes), and P4 fractions (membrane ves- 
icles from rough and smooth endoplasmic reticulum, Golgi, and plasma 
membrane) by differential centrifugation (43). We obtained 8 mg of, 
protein in the S4 fraction, 1 mg in P2, 0.5 mg in P3, and 2 mg in P4 
fraction. The procedures related to the immunoelectron microscopy 
have been previously described (44). 

For Western blot analysis, proteins were electrophoresed in poly- 
acrylamide-SDS gels and electroblotted onto nitrocellulose using the 
standard protocol for protein transfer described by Schleicher and 
Schuell. The filters were incubated with a 1:5000 dilution of DDX1 
antiserum, a 1:200 dilution of anti-MYCN monoclonal antibody (Boeh- 
ringer Mannheim), or a 1:200 dilution of anti-actin (Santa Cruz Bio- 
technology, Inc., Santa Cruz, CA). For the colorimetric analysis, anti- 
gen-antibody interactions were visualized using either alkaline 
phosphatase-linked goat anti-rabbit IgG (for DDX1) or goat anti-mouse 
IgG (for MYCN) at a 1:3000 dilution. For the ECL Western blotting 
analysis (Amersham Pharmacia Biotech), we used a 1:100,000 dilution 
of peroxidase-linked secondary anti-rabbit IgG antibody (for DDX1) or 
secondary anti-goat IgG antibody (Jackson ImmunoResearch 
Laboratories). 

RESULTS 

Identification of the 5'-End of the DDX1 Transcript — We 
have previously reported the sequence oiDDXl cDNA isolated 
from an RB cDNA library (21, 23). This 2.4-kb DDX1 cDNA 
contains an open reading frame spanning positions 1-2201 
with a methionine encoded by the first three nucleotides (Fig. 
L4). There is a polyadenylation signal and poly(A) tail in the 
3 '-untranslated region, indicating that the sequence is com- 
plete at the 3'-end. Manohar et al. (37) have also isolated DDXl 
cDNA from the NB cell line LA-N-5. Their cDNA extended the 
5 '-end of our sequence by 42 bp and included an additional in 
frame methionine (double underlined in Fig. 1A). The possibil- 
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Fig. 1. Partial sequence and structure of DDX1 cDNA. A, the 

sequence of the 5'-end of DDX1 cDNA. The sequence in boldface type 
starting at the asterisk was obtained using the RACE strategy. The 
additional 6 bp in italic boldface type at the 5'-end of the cDNA are 
predicted based on the known DDX1 genomic sequence and primer 
extension analysis. PI, P2, P3, and P4 are primers used in the RACE 
experiments (the complementary sequence was used in each case). 
Primers P3 and P4 were also used for the primer extension analysis. 
Three in frame methionine codons are indicated by the double under- 
line. An in frame stop codon is indicated by the boldface double under- 
line. The three major transcription initiation sites identified by primer 
extension are indicated by the single arrows, while a minor site is 
represented by the broad arrow. The predicted DDX1 transcription 
initiation sites obtained by RACE, SI nuclease, and primer extension 
are indicated as well as the 5'-ends of DDX1 cDNA sequences obtained 
by screening cDNA libraries. The sequences transcribed from exons 1, 
2, and 3 are also shown. B, the structure of the 2711-bp DDX1 cDNA is 
shown with an open reading frame from position 295 to 2515. 

ity of additional in frame methionines located further upstream 
could not be excluded, because there were no predicted stop 
codons in the upstream region of the cDNA. 

Northern blot analysis indicated a DDX1 transcript size of 
-2800 nt, suggesting that the DDX1 cDNAs isolated to date 
were lacking -300-350 bp of 5' sequence. We have used dif- 
ferent approaches to identify the transcription start site of 
DDX1. First, we exhaustively screened a commercial fetal 
brain cDNA library with the 5'-end oiDDXl cDNA. Although 
numerous clones were analyzed, only one extended the se- 
quence (by 35 bp) beyond that published by Manohar et at. (37) 
(Fig. 1A). 

We next used the RACE procedure in an attempt to isolate 
additional 5' sequence. The nested primers used to amplify the 
5'-end of the DDX1 transcript are labeled as primers PI and P2 
in Fig. LA and are located downstream of the three in frame 
methionines (double underlined in Fig. LA). Poly(A) + RNA 
from RB522A was reverse transcribed at 52 °C using primer 
PI, and the reverse transcribed cDNA was amplified using the 
nested primer P2 and the 5'-RACE primer. Using this ap- 
proach, we generated a product that was 230 bp longer than 
any of the cDNAs obtained by screening libraries (Fig. 1A). 
Sequencing of this 230-bp cDNA revealed an in frame stop 
codon (boldface double underline in Fig. LA) located 123 bp 




Fig. 2. Identification of the 5'-end of the DDX1 transcript by 
primer extension. Radioactively labeled primer P4 was annealed to 2 
tug of poly(A) + RNA from RB522A (lane 1), 1 fig of poly(A) + RNA from 
RB522A (lane 2), and 2 (xg of poly(A) + RNA from RB(E)-2 cells (lane 3), 
and extended using reverse transcriptase. The products were run on an 
8% denaturing polyacrylamide gel with a G + A sequencing ladder as 
size marker. The primer extension products are indicated on the left. 
The sizes of the products (in nt) are presented as the distance from 
primer P4. 

upstream of the predicted translation initiation site. We then 
prepared primers P3 and P4, located near the 5'-end of the 
RACE cDNA (Fig. LA) and repeated the RACE procedure to see 
if additional 5' sequences could be obtained. The resulting 
RACE products did not extend the DDX1 cDNA sequence 
further. 

The location of the DDX1 transcription initiation site was 
verified by primer extension. Poly(A) + RNA was prepared from 
the following two cell lines: DDX1 -amplified RB cell line 
RB522A and a nonamplified RB cell line RB(E)-2. RB522A has 
elevated levels of DDX1 mRNA, while RB(E)-2 has at least 
20-fold lower levels of this transcript. Three products of 40, 43, 
and 46 nt (with a weak signal at 45 nt) were detected in 
RB522A using primer P4 (Figs. L4 and 2). The 40-nt product 
corresponded exactly with the 5'-end of the RACE-derived 
cDNA while the 43- and 46-nt products extended the predicted 
size of the DDX1 transcript by 3 and 6 nt, respectively. None of 
these products were observed in RB(E)-2. Bands of identical 
sizes to those obtained with RB522A mRNA were also observed 
in the DDX1 -amplified NB cell line BE(2)-C but not in the 
DDX1 -amplified NB cell line IMR-32 (data not shown). The 
same predicted DDX1 transcription initiation site was identi- 
fied with primer P3 except that the bands were of weaker 
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Fig. 3. Genomic map of the 5 -end of DDX1. The exons are represented by the black boxes, and distances are in kilobase pairs. The locations 
of EcoRI (E) sites are indicated. 



intensity (data not shown). We have designated the transcrip- 
tion start site identified by primer extension as + 1 (Fig. LA). 

The sequence of the 6 nt extending beyond the RACE cDNA 
was obtained by comparison of the cDNA sequence with that of 
DDXI genomic DNA. Bacteriophages containing DDXI 
genomic DNA were isolated by screening a human placenta 
library with 5' DDXI cDNA. Eighteen kb of DNA were se- 
quenced from two bacteriophages with overlapping DDX1 
genomic DNA. Thirteen exons were identified within this 18-kb 
region (Fig. 3) corresponding to cDNA sequences from position 

1 to 1249. The 310-bp exon 1 was by far the longest of the 13 
exons sequenced, corresponding to the entire 5 '-untranslated 
region of DDX1 as well as the first in frame methionine. The 
sequences transcribed from exons 1, 2, and 3 are indicated in 
Fig. LA. 

Knowledge of the genomic structure of DDX1 allowed us to 
use the SI protection assay, a technique that is independent of 
reverse transcriptase, to further define the 5 '-end of the DDX1 
transcript. Poly(A) + RNAs from six DDX1 -amplified lines (RB 
lines: Y79 and RB522A; NB lines: BE(2)-C, IMR-32, LA-N-1, 
and LA-N-5) and six nonamplified lines (RB lines: RB(E)-2 and 
RB412; NB lines, GOTO, NB-1, NUB-7, and SK-N-MC) were 
hybridized to a DNA probe that extended from position — 745 in 
the 5'-flanking DDX1 DNA to position +164 in exon 1. This 
DNA probe was labeled at position + 164 as indicated in Fig. 4. 
Nonhybridized DNA was digested with SI nuclease, and the 
sizes of the protected fragments were analyzed on a denaturing 
polyacrylamide g£l. Bands of 150-153 nt were observed in lane 

2 (RB522A), lane 5 (BE(2)-C), and lane 8 (LA-N-1) with bands 
of much weaker intensity in lane 7 (IMR-32) (Fig. 4). Specific 
bands were not detected in either Z)Z)X2-amplified Y79 and 
LA-N-5 or the nonamplified lines. Although the sizes of the SI 
protected bands in RB522A, BE(2)-C, and LA-N-1 were 5 and 
11 nt shorter than predicted based on RACE and primer ex- 
tensions, respectively, there was general agreement with all 
three techniques regarding the location of the DDX1 transcrip- 
tion initiation site (Fig. LA). The smaller Si nuclease protected 
products could have arisen as the result of Si digestion of the 
5'-end of the RNA:DNA heteroduplex because of its relatively 
high rU:dA content (45). 

Identification of the same transcription initiation site in 
three Z)jDX2-amplified lines suggests that this represents the 
bona fide start site o{DDXl transcription. However, it was not 
clear why this start site was either very weak or not detected in 
three other amplified lines. To determine whether the 5'-end of 
exon 1 is transcribed in all DDX1 -amplified lines, we carried 
out a direct analysis of the 5'-end of the DDX1 transcript by 
Northern blotting. Two probes were used for this analysis: the. 
5' probe contained a 160-bp fragment from bp 1 to 160 (5'-half 
of exon 1), and the 3' probe contained a 260-bp fragment from 
bp 160 to 420 (3'-half of exon 1 as well exons 2 and 3) (Fig. LA). 
With the 3' probe, we obtained bands of similar size and inten- 
sity in four DDX1 -amplified lines (RB522A, BE(2)-C, IMR-32, 
and LA-N-5). Band intensity was somewhat weaker in Y79 and 
stronger in LA-N-1 in comparison with the other lines (Fig. 5). 
No signal was detected in the non-DDXl -amplified line RB412. 
With the 5' probe, a relatively strong signal was observed in 
RB522A, BE(2)-C, and LA-N-1, while a considerably weaker 



but readily apparent signal was detected in Y79, IMR-32, and 
LA-N-5. The signal obtained with actin indicates that, with the 
exception of LA-N-1, similar amounts of RNA were loaded in 
each lane and that the RNA was not degraded. These results 
indicate that at least a portion of the 160-bp 5'-end of exon 1 is 
transcribed in all DDX1 -amplified lines. 

Based on primer extension, SI nuclease protection assay, 
Northern blot analysis and the sequencing of the RACE prod- 
ucts, we conclude that the DDX1 transcript is 2.7 kb with an 
open reading frame spanning nucleotides 295-2515 encoding a 
predicted protein of 740 amino acids with an estimated molec- 
ular weight of 82.4 (Fig. LB). An in frame stop codon is located 
123 nt upstream of the predicted translation initiation site, at 
positions 172-174. The first in frame methionine following the 
stop codon is in agreement with the Kozak consensus sequence 
(46). Furthermore, the predicted start methionine codon for 
human DDX1 corresponds perfectly with that of Drosophila 
DDXi (47). A stop codon is located 15 nt upstream of the 
initiation codon in Drosophila DDXI. 

Analysis of DDXI Protein Levels in Neuroblastoma and Ret- 
inoblastoma — We and others have previously shown that there 
is a good correlation between gene copy number and RNA levels 
in DDXI -amplified RB and NB cell lines (37, 38). To determine 
whether the correlation extends to DDXI protein levels, we 
prepared antiserum to two nonoverlapping recombinant DDXI 
proteins. First, we prepared a C terminus recombinant protein 
construct by inserting a 1.8-kb EcoRI fragment from bp 848 to 
2668 (amino acids 185-740) (Fig. LB) into the pMAL-c2 expres- 
sion vector. Recombinant protein expression was induced with 
isopropyl-l-thio-0-D-thiogalactoside, and the 110-kDa maltose- 
binding protein-DDXl fusion product was purified by affinity 
chromatography using amylose resin, followed by electrophore- 
sis on a SDS-PAGE gel after cleaving the maltose-binding 
protein fusion partner with factor Xa. Second, we prepared an 
N terminus construct by ligating a DNA fragment from bp 268 
to 851 (amino acids 1-186) into pGEX-4T2. The 50-kDa gluta- 
thione S-transferase-DDXl fusion protein was purified by af- 
finity chromatography on a glutathione column. This N termi- 
nus fusion protein contains only the first of the eight conserved 
motifs found in all DEAD box proteins, while the C terminus 
fusion protein includes the remaining seven motifs. 

We measured DDXI protein levels in total cell extracts of 
three RB and 10 NB cell lines. Using antiserum to the N 
terminus fusion protein, we observed a strong signal in all 
DDXI -amplified cell lines: the RB cell lines Y79 (lane 1) and 
RB522A (lane 2) and the NB cell lines BE(2)-C (lane 4), IMR-32 
(lane 6), LA-N-1 (lane 8), and LA-N-5 (lane 9) (Fig. 6). Two 
bands were observed in the majority of extracts. Of the ampli- 
fied lines, Y79 produced the weakest signal, with the most 
intense signal observed in LA-N-1. There was an excellent 
correlation with DDXI protein and mRNA levels in these cell 
lines, with lower levels of DDXI mRNA observed in Y79 and 
higher levels in LA-N-1 (Fig. 7A). As shown in Fig. 7B, this 
correlation extended to DDXI gene copy number. No gross 
DNA rearrangements were seen in the DDXI -amplified lines; 
however, three small bands of altered size were observed in the 
RB412 lane. Although the nature of the DNA alteration is not 
known, it is noteworthy that DDXI transcript levels in RB412 
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Fig. 4. SI nuclease mapping of the 
5'-end of the DDX1 transcript. Two /±g 

of poly(A) + RNA from four RB lines 
(Diva-amplified Y79 and RB522A and 
nonamplified RB(E)-2 and RB412), eight 
NB lines (DDXi-amplified BE(2)-C, IMR- 
32, LA-N-1, and LA-N-5 and nonamplified 
GOTO, NB-1, NUB-7, and SK-N-MC), 
and tRNA as a negative control were hy- 
bridized to a Sphl-Aval fragment labeled 
at the Aval site with [y- 32 P]ATP and 
polynucleotide kinase. Bands of 150-153 
nt are shown in lanes 2 (RB522A), 5 
(BE(2)-C), and 8 (LA-N-1) with much 
weaker bands in lane 7 (IMR-32). A map 
of the probe indicating the transcription 
initiation site identified by primer exten- 
sion ( + 7), the labeling site (*), and exons 
1 and 2, is shown at the bottom. 
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are extremely low (Fig. 7A) and that the top DDX1 protein band 
in RB412 cell extracts is smaller in size than the top band from 
the other cell extracts (Fig. 6). 

Two DDX1 protein bands were present in most of the lanes in 
Fig. 6. The same two bands were detected with antiserum to 
the C terminus of the DDX1 protein, as well as a third band at 
~60 kDa (data not shown). There was no variation in the 
intensity of the 60-kDa band in DDXJ-amplified and nonam- 
plified cell extracts. The 60-kDa band probably represents an- 
other member of the DEAD box protein family, because the C 
terminus DDX1 protein used to prepare this antiserum con- 
tained seven of the eight conserved motifs found in all DEAD 
box proteins. To obtain an estimate of the size of the two DDX1 
bands, we ran cellular extracts from RB522A on a 7% SDS- 
PAGE gel with the BenchMark protein ladder (Life Technolo- 
gies, Inc.). The size of the DDX1 protein was determined using 
the Alpha Imager 2000 documentation and analysis system for 
molecular weight calculation. Based on this analysis, the esti- 
mated molecular mass of the top band is 89.5 kDa, while that 
of the bottom band is 83.5 kDa. The 84-kDa band may repre- 
sent the unmodified product encoded by the DDX1 transcript 
(capable of encoding a protein with a predicted molecular mass 
of 82.4 kDa), while the top band may represent post-transla- 
tional modification of DDX1 protein (e.g. phosphorylation). An- 
other possibility is that the top band represents intact DDX1 




Fig. 5. Northern blot analysis of the 5' -end of the DDX1 tran- 
script. Two /ig of poly(A) + RNA isolated from DQX7-amplified Y79, 
RB522A, BE(2)-C, IMR-32, LA-N-1, and LA-N-5 and nonamplified 
RB412 were electrophoresed in a 1.5% agarose-formaldehyde gel. The 
RNA was transferred to a nitrocellulose filter and sequentially hybrid- 
ized with a 260-bp fragment from DDX1 cDNA from bp +160 to +420 
(3'-end of exon 1 as well as exons 2 and 3) (A), a 160-bp fragment from 
DDX1 cDNA from bp + 1 to + 160 (5'-end of exon 1) (B), and actin cDNA 
(C). The DNA was labeled with [ 32 P]dCTP by nick translation. The blots 
were hybridized and washed under high stringency. 
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Fig. 6. DDX1 protein expression in RB and NB cell lines. West- 
ern blots were prepared using total cellular extracts from three RB 
(Y79, RB522A, and RB412) and 10 NB cell lines (BE(2)-C, GOTO, 
IMR-32, KAN, LA-N-1, LA-N-5, NB-1, NTJB-7, SK-N-MC, and SK-N- 
SH). The lines that are amplified for the DDX1 gene are Y79, RB522A, 
BE(2)-C, IMR-32, LA-N-1, and LA-N-5. Twenty pig of protein were 
loaded in each lane and electrophoresed in a 10% SDS-PAGE gel. DDX1 
was detected using a 1:5000 dilution of the antiserum to the amino 
terminus of DDX1 protein. Size markers in kilodaltons are indicated on 
the side. 
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Fig. 8. Distribution of DDX1 in the nucleus and cytoplasm. A, 

cytosolic and nuclear extracts were prepared from RB522A and electro- 
phoresed in a 7% SDS-PAGE gel. Cytosolic extracts were loaded in 
lanes 1 (20 /ig of protein) and 2 (10 fig), while nuclear extracts were 
loaded in lanes 3 (10 fig) and 4 (20 yjg). DDX1 was visualized using a 
1:5000 dilution of the antiserum to the N terminus. The BenchMark 
protein ladder size markers (kilodaltons) are indicated on the left. B, 
cytosolic and nuclear extracts were prepared from HL60, Y79, IMR-32, 
HeLa, RB522A, and RB(E)-2 and electrophoresed in an 8% SDS-PAGE 
gel. Twenty /xg of proteins were loaded in each lane marked C (cytosolic) 
and N (nuclear). DDX1 was visualized using a 1:5000 dilution of the 
antiserum to the N terminus. Actin levels were analyzed using a 1:200 
dilution of anti-actin antibody (Santa Cruz Biotechnology). 
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Fig. 7. Northern and Southern blot analyses of DDX1 in RB 
and NB cell lines. A, 2 fig of poly(A) + RNA were loaded in each lane, 
electrophoresed in a 1.5% agarose-formaldehyde gel, and transferred to 
a nitrocellulose filter. The filter was first hybridized to a 32 P-labeled 
1.6-kb DDX1 cDNA (clone 1042) (21), stripped, and rehybridized to 
actin DNA. B, 10 ng of genomic DNA from each of the indicated cell 
lines were digested with £coRI, electrophoresed in a 1% agarose gel, 
and transferred to a nitrocellulose filter. The filter was hybridized to 
32 P-labeled clone 1042 DDX1 cDNA, stripped, and reprobed with la- 
beled a-fetoprotein cDNA. Markers (in kilobase pairs) are indicated on 
the side. 



and the lower band is a specific truncated or degradation prod- 
uct of DDX1. Yet a third possibility is that the two bands 
represent the products of differentially spliced transcripts or 



different translation initiation sites. However, the lack of any 
obvious differences in DDX1 transcript sizes in the three RB 
and 10 NB lines analyzed in Fig. 1A does not support the latter 
possibility {e.g. compare the DDX1 transcript size in NUB-7 
(which produces the lower DDX1 protein band) and in NB-1 
(which produces the higher DDX1 protein band)). 

Subcellular Localization of DDX1 Protein — DEAD box pro- 
teins have been implicated in a variety of cellular functions 
including RNA splicing in the nucleus, translation initiation in 
the cytoplasm, and ribosome assembly in the nucleolus. To 
obtain an indication of the possible role of DDX1, we studied its 
subcellular location. Nuclear and cytosolic extracts were pre- 
pared from ZXDXi-amphfied RB522A and run on a 7% SDS- 
PAGE gel. Although there was more DDX1 protein in the 
cytosol than in the nucleus on a per cell basis, the proportion of 
DDX1 protein relative to total protein was similar in both 
cellular compartments (Fig. 8A). Both the 90- and 84-kDa 
bands were present in cytosol and nuclear extracts, although 
the bottom band was more readily apparent in the cytosol. By 
running the gel for an extended period of time (twice as long as 
usual), we were able to detect an additional weak band at ~88 
kDa in both nuclear and cytosolic extracts. 

To determine whether DDX1 consistently localizes to both 
the cytoplasm and nucleus, we prepared cytosol and nuclear 
extracts from two additional DDX1 -amplified lines, Y79 and 
IMR-32, as well as from nonamplified RB(E)-2, HL60, and 
HeLa. DDX1 protein was found in both the nucleus and cyto- 
plasm of IMR-32, primarily in the cytoplasm of Y79, and 
mainly in the nucleus of the three nonamplified lines (Fig. 8B). 
In addition, DDX1 was almost exclusively found in nuclear 
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Fig. 9. Subcellular location of DDX1 protein. RB522A cells were 
fractionated into nuclear (lane 1), S100 and S4 cytosol (lanes 2 and 3), 
P2 membrane (lane 4), P3 membrane (lane 5), and P4 membrane (lane 
6) fractions. Twenty /ig of protein were loaded in each lane and run on 
a 10% SDS-PAGE gel. A, DDX1 protein was detected using a 1:5000 
dilution of the antiserum to the N terminus of DDX1. B, MYCN protein 
was detected using a commercially available antibody at a 1:200 dilu- 
tion. Size markers (kilodaltons) are indicated on the side. 

extracts prepared from normal GM38 fibroblasts (data not 
shown). We used anti-actin antibody to ensure that our nuclear 
and cytosolic extracts were not cross-contaminated (Fig. 8J3). 

We next carried out a more detailed analysis of DDX1 sub- 
cellular location using two different approaches: (i) fraction- 
ation of cellular components into nuclei; S100 or S4 cytosol 
(containing soluble cytoplasmic components, including 40 S 
ribosomes); P2 (heavy mitochondria, plasma membrane frag- 
ments plus material trapped by these membranes); P3 (mito- 
chondria, lysosomes, peroxisomes, Golgi membranes, some 
rough endoplasmic reticulum); and P4 (microsomes from 
smooth and rough endoplasmic reticulum, Golgi and plasma 
membranes) (43); and (ii) immunogold electron microscopy. 
The DDXl -amplified RB522A cell line was used for both exper- 
iments. The fractionation procedures indicate that DDX1 is 
mainly in the nucleus and in the cytosol (S4 and S100 fractions) 
of RB522A cells (Fig. 9A). As a control, we used anti-human 
MYCN antibody to determine the location of MYCN (also am- 
plified in RB522A) in our subcellular fractions. As shown in 
Fig. 95, MYCN was primarily found in the nucleus, as one 
would expect of a transcription factor. 

For the electron microscopy analysis, antiserum to the N 
terminus of DDX1 was coupled to protein A gold particles, and 
the distribution of DDX1 was examined in RB522A cells fixed 
in paraformaldehyde and glutaraldehyde. DDX1 was present 
in both the cytoplasm and nucleus (data not shown). There was 
no association with either cell organelles or with nuclear or 
plasma membranes. 

DISCUSSION 

There are presently few clues as to the function of DDX1 in 
normal and cancer cells. Our earlier data indicate that DDXl 
mRNA is present at higher levels in fetal tissues of neural 
origin (retina and brain) compared with other fetal tissues (21). 



There may therefore be a requirement for elevated levels of this 
putative RNA helicase for the efficient production or processing 
of neural specific transcripts. A role in cancer formation or 
progression is an intriguing possibility, because overexpression 
of an RNA unwinding protein could affect the secondary struc- 
ture of RNAs in such a way as to alter the expression of specific 
proteins in tumor cells. DDXl is co-amplified with MYCN in a 
subset of RB and NB cell lines and tumors (37-39). MYCN 
amplification is common in stage IV NB tumors and is a well 
documented indicator of poor prognosis. A general trend to- 
ward a poorer clinical prognosis is observed when both the 
MYCN and DDX1 genes are amplified compared with when 
only MYCN is amplified (38, 39), suggesting a possible role for 
DDX1 in NB tumor formation or progression. 

It is generally accepted that co-amplified genes are not over- 
expressed unless they provide a selective growth advantage to 
the cell (48, 49). For example, although ERBA is closely linked 
to ERBB2 in breast cancer and both genes are commonly am- 
plified in these tumors, ERBA is not overexpressed (48). Sim- 
ilarly, three genes mapping to 12ql3-14 (CDK4, SAS, and 
MDM2) are overexpressed in a high percentage of malignant 
gliomas showing amplification of this chromosomal region, 
while other genes mapping to this region (GADD153, GLI, and 
A2MR) are rarely overexpressed in gene-amplified malignant 
gliomas (50, 51). The first three genes are probably the main 
targets of the amplification process, while the latter three 
genes are probably incidentally included in the amplicons. The 
data shown here indicate that DDX1 is overexpressed at both 
the protein and RNA levels in DDX1 -amplified RB and NB cell 
lines and that there is a strong correlation between DDX1 gene 
copy number, DDX1 RNA levels, and DDX1 protein levels in 
these lines. Our results are therefore consistent with DDX1 
overexpression playing a positive role in some aspect of NB and 
RB tumor formation or progression. Recently, Weiss et al. (52) 
have shown that transgenic mice that overexpress MYCN de- 
velop NB tumors several months after birth. They conclude 
that MYCN overexpression can contribute to the initiation of 
tumorigenesis but that additional events are required for tu- 
mor formation. Amplification of DDX1 may represent one of 
many alternative pathways by which a normal precursor "neu- 
roblast" or "retinoblast" cell gains malignant properties. 

The function of the majority of tissue-specific or developmen- 
tally regulated DEAD box genes remains unknown. However, 
some members of this protein family have been either directly 
or indirectly implicated in tumorigenesis. For example, the p68 
gene has been found to be mutated in the ultraviolet light- 
induced murine tumor 8101 (53), while DDX6 (also known as 
RCK or p54) is encoded by a gene located at the breakpoint of 
the translocation involving chromosomes 11 and 14 in a cell 
line derived from a B-cell lymphoma (54, 55). Similarly, the 
production of a chimeric protein between DDX10 and the 
nucleoporin gene NUP98 has been proposed to be involved in 
the pathogenesis of a subset of myeloid malignancies with 
inv(ll) (pl5q22) (56). Interestingly, Grandori et al. (57) have 
shown that MYCC interacts with a DEAD box gene called 
MrDb, suggesting that the transcription of some DEAD box 
genes could be regulated through interaction with members of 
the MYC family. Future work will involve determining whether 
DDX1 represents another member of the DEAD box family 
with a role in the tumorigenic process. 

DEAD box proteins have been implicated in translation ini- 
tiation, RNA splicing, RNA degradation, and RNA stability (3, 
18, 19). We carried out subcellular localization studies in an 
attempt to obtain a general indication of the function of DDX1. 
We found DDXl protein in both the cytoplasm and nucleus of 
DDXZ- amplified NB and RB lines. In contrast, DDXl was 
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mainly located in the nucleus of nonamplified cell lines and 
normal fibroblast cultures. DDXl was not associated with cel- 
lular organelles or with membranes based on immunoelectron 
microscopy. We therefore propose that the primary role of 
DDXl is in the nucleus. The presence of DDXl in the cytoplasm 
of DDXl- amplified cells may indicate that the amount of DDXl 
protein that is allowed in the nucleus is tightly regulated. 
Alternatively, DDXl may play a dual role in the nucleus and 
cytoplasm of DDXi -amplified cells. 

An important component of our analysis was to identify the 
translation and transcription initiation sites of DDXl. We used 
a combination of techniques to identify the transcription start 
site: screening of RB and fetal brain libraries, RACE, primer 
extension, genomic DNA sequencing, Si nuclease mapping, 
and Northern blot analysis using probes to the predicted 5 '-end 
of the transcript. The transcription start site identified using 
these techniques is located ~300 nt upstream of the predicted 
translation initiation codon and was readily detected in three 
DDXl -amplified lines and barely detectable in a fourth ampli- 
fied fine. The 5'-untranslated region as well as the first in 
frame methionine are encoded within the first exon of DDXl. 
An in frame stop codon is located 123 nt upstream of the 
predicted initiation codon. We were unable to identify the tran- 
scription initiation site of DDXl in two of the six amplified lines 
tested as well as in nonamplified lines. Although it remains 
possible that there are different transcription start sites in 
different cell lines, detection of lower levels (rather than the 
absence) of the 5'-most 160 nt of the DDXl transcript in IMR- 
32, Y79, and LA-N-5 compared with RB522A, BE(2)-C, and 
LA-N-1 supports a quantitative rather than a qualitative dif- 
ference in the 5'-end of this transcript in these cells. Our 
results suggest that the 5'-end of DDXl mRNA is rarely intact, 
even in mRNA preparations that otherwise appear to be of high 
quality based on analysis of control transcripts. The 5'-end of 
DDXl mRNA may therefore be especially susceptible to degra- 
dation, perhaps because of its sequence and/or secondary 
structure. ?' 

In conclusion, we have mapped the 5'-end of the 2.7-kb DDXl 
transcript and have identified the predicted translation initia- 
tion site of DDXl protein. We have found that DDXi-amplified 
RB and NB tumor lines overexpress DDXl protein and that 
there is a good correlation between gene copy number and both 
transcript and protein levels in these cells. We have shown that 
DDXl protein is primarily located in the nucleus of cells that 
are not DDXZ-amplified. In contrast, DDXl is present in both 
the nucleus and cytoplasm of DDXi-amplified NB and RB 
lines. A cytoplasmic location in DJMfi-amplified lines may in- 
dicate that the amount of nuclear DDXl is tightly regulated or 
that DDXl plays a dual role in the cytoplasm and nucleus of 
these cells. 
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Abstract 

Long-term modulation of intercellular communication via 
gap junctions was investigated in TM3 Leydig cells, under 
low and high confluence states, and upon treatment of the 
cells for different times with activators of protein kinase A 
(PKA) and protein kinase C (PKC). Cells in low con- 
fluence were readily coupled, as determined by transfer of 
the dye Lucifer Yellow; on reaching confluence, the cells 
uncoupled. Western blots and RT-PCR revealed that 
connexin 43 (Cx43) was abundantly expressed in TM3 
Leydig cells and its expression was decreased after the cells 
achieved confluence. Stimulation of PKA or PKC induced 
a decrease in cell— cell communication. Staurosporin, an 
inhibitor of protein kinases, increased coupling and was 
able to prevent and reverse the uncoupling actions of 
dibutyryl cAMP and 12-0-tetradecanoyl-phorbol-13- 



acetate (TP A). Under modulation by confluence, Cx43 
was localized to the appositional membranes when cells 
were coupled and was mainly in the cytoplasm when they 
were uncoupled. In addition, cAMP and TPA reduced the 
surface membrane labeling for Cx43, whereas staurosporin 
increased it. These data show a strong correlation between 
functional coupling and the membrane distribution of 
Cx43, implying that this connexin has an important 
role in intercellular communication between TM3 cells. 
Furthermore, increased testosterone secretion in response 
to luteinizing hormone was accompanied by a decrease in 
intercellular communication, suggesting that gap junction 
mediated coupling may be a modulator of hormone 
secretion in TM3 cells. 
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Introduction 

Gap junctions are plasma membrane specializations 
responsible for the transfer of small molecules (up to 
~ 1 kDa) and ions between adjoining cells (Bennett et cd. 
1991). Gap junction mediated intercellular communi- 
cation has been implicated in fundamental cellular pro- 
cesses such as embryonic development, cell differentiation, 
proliferation and growth control. The proteins forming gap 
junctions, named connexins, are phosphoproteins (with 
the exception of connexin 26 (Cx26)) that can be phos- 
phorylated by protein kinases activated by neurotransmit- 
ters, growth factors, hormones, oncogenes and exogenous 
chemicals. In particular, activation of protein kinases A 
and C is known to modulate junctional communication 
between cells. PKC has been shown to phosphorylate 
Cx43 in serine and threonine residues of the carboxyl tail 
of the protein (Moreno et al. 1994, Oh et al. 1991), but to 
date the phosphorylation of Cx43 by PKA has not been 



unequivocally shown. Nevertheless, 12-O-tetradecanoyl- 
phorbol-13-acetate (TPA) and cAMP have been found to 
induce a variety of effects in cells expressing Cx43, leading 
both to inhibition and to enhancement of gap junction 
communication, depending on cell type and developmen- 
tal stage (Oh et al. 1991, Risley et al. 1992, Xie & Hu 
1992, Hiinster & Weingant 1993, Lampe 1994). 

In the testis, cellular interactions are essential for 
adequate functioning of many different cell types (Skinner 
1982) and, to date, 11 types of connexin have been 
identified in its constituent cells (Kadle et al. 1991, 
Haefliger et al. 1992, Risley et al. 1992, Risley 2000). 
Freshly dissociated Leydig cells show both electrical and 
metabolic coupling, and Cx43 has been reported as the 
main functional component of their gap junctions (Perez- 
Armendariz et al. 1994, Varanda & Campos de Carvalho 
1994). Although electrical characteristics of the gap 
junction in these cells have been well characterized, 
modulation processes have not yet been extensively 
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studied. Given that gap junction communication has been 
shown to modulate secretion in endocrine and exocrine 
organs (Riiegg & Burgess 1989, Granot & Dekel 1994, 
You et a\. 2000), it is important to study the regulation of 
junctional communication in TM3 Leydig cells. The main 
purpose of the present study was to examine the extent to 
which coupling between these cells can be influenced 
by PKA and PKC, and to correlate this modulation of 
coupling to the expression of Cx43 and the secretion of 
testosterone. 



Materials and Methods 

Cell culture 

TM3 Leydig cells, a non-tumorogenic cell line derived 
from mouse testis, were obtained from the American Type 
Culture Collection. We decided to use this cell line in our 
studies because they respond to luteinizing hormone (LH) 
by increasing testosterone production and secretion, 
through mechanisms similar to those encountered in 
freshly isolated cells. The cells were grown in a mixture of 
Ham's F-12 medium plus Dulbecco's Modified Eagle 
Medium (1:1 v:v), supplemented with 5 mM NaHC0 3 , 
15 mM N-[2-hydroxyethyl] piperazine-JV-[2-ethane 
sulfonic acid], 7-5-10% fetal bovine serum and 1% 
penicillin/streptomycin, pH 7-4. Serum concentration 
(7-5 or 10%) did not affect cell properties. Cells were 
plated at either low or high density, depending on the type 
of experiment intended, for at least 12 h before the 
experiment, and then treated with a specific drug for times 
ranging from'15 min to 12 h. For subconfluent cultures, 
the cells were plated at approximately 200 cells/mm 2 . For 
confluent cultures, the cells were plated at 400 cells/mm 2 . 
At the time of the experiments, the low-density cultures 
had 320 cells/mm 2 and high-density cultures had 650 
cells/mm 2 . The cells were always cultured in the presence 
of fetal bovine serum and kept in an atmosphere of 5% 
C0 2 and 95% 0 2 at 37 °C in an incubator (Forma 
Scientific). 

Dye transfer 

TM3 cells in low- or high-confluence cultures were plated 
in plastic dishes and injected with Lucifer Yellow CH (5% 
in 150 mM LiCl without pH adjustment), with the aid of 
glass microelectrodes (resistance between 40 and 70 MQ) 
by application of short hyperpolarizing current pulses 
(01 nA, 100 ms), using a WPI amplifier model 7060. Dye 
transfer was observed in a Nikon Diaphot inverted micro- 
scope, equipped with xenon arc illumination, and photo- 
graphs were taken using Kodak TMAX400 film, 2 min 
after injection of dye into one cell (Srivinas et al. 1999). 
For measurement of modulation of coupling by pharma- 
cological agents, a minimum of 90 cells were injected for 
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every time point in each of at least three independent 
experiments; values were plotted as a function of time after 
drug application. The percent of coupled cells was evalu- 
ated as the number of injections that resulted in the 
transfer of Lucifer Yellow to neighboring cell(s), in 
relation to the total number of injections in a given assay. 
Results are presented as means ± s.e.m. 

Immunofluorescence and Western blots 

Cultured TM3 cells were plated in high or low confluence 
on 25 cm 2 plastic culture flasks or glass coverslips, pre- 
viously treated with poly-L-lysine, for Western blot and 
immunofluorescence respectively. Cells were kept in 
culture for at least 12 h before experimental maneuvers. 
For western blots, the TM3 cells were treated with 
dibutyryl (db)-cAMP or TPA for 12 h. Staurosporin was 
used in TM3 cells after the 12 h treatment with PKA and 
PKC activators, and cells were incubated for 1 h with 
staurosporin. Homogenates from sister cultures (control 
and treated) were obtained by scraping 25 cm 2 flasks in 
1 mM NaHC0 3 (pH 8 3) containing 1 mM of the pro- 
tease inhibitor phenylmethylsulfonyl fluoride (PMSF), and 
were centrifuged at 10 000 r.p.m. for 10 min. Total 
protein content was determined by the Bradford method 
(Bradford 1976) and 100 ug samples were loaded in each 
lane of a 10% SDS-PAGE system. Protein was then 
transferred to nitrocellulose and the membrane was incu- 
bated with polyclonal antibody to residues 346-360 of the 
Cx43 sequence (kindly provided by Dr E L Hertzberg, 
Albert Einstein College of Medicine, New York, USA), as 
previously described (Varanda & Campos de Carvalho 
1994). Heart homogenate was used as positive control and 
densitometry was performed using the gel analysis software 
Sigma Gel (vl l, Jandel Scientific, Chicago, IL, USA). 
Results are presented as means ± s.e.m. 

For immunofluorescence, the cells were treated with 
db-cAMP, TPA or staurosporin for the same time intervals 
described above and then fixed in ethanol (70%) at 
— 20 °C for 20 min. Cx43 was detected as described 
previously for other cell types (Dermietzel et al. 1991). In 
short, cells were incubated, for 30 min at room tempera- 
ture, with 01% IgG-free bovine serum albumin (BSA) to 
reduce non-specific binding. This was followed by incu- 
bation with the polyclonal antibody for Cx43, described 
above, diluted 1/500, for 1 h at room temperature. Then 
the cells were washed four times, for 10 min each time, 
with phosphate-buffered saline (PBS) and incubated with 
the secondary antibody (goat anti-rabbit IgG conjugated 
with fluorescein isothiocyanate diluted 1/150), for 1 h at 
room temperature. The coverslips were then washed with 
PBS four times, for 10 min each time, and mounted with 
10 ul of a solution containing P-phenylenediamine + 
glycerol + PBS in the proportions 29:9:1, Fluorescence was 
observed on a Zeiss Axiovert 100 microscope. Because 
of the repeated washes and poor adherence of TM3 
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cells to the coverslips, it was common to lose cells during 
processing for immunofluorescence. 

Radioimmunoassay 

Leydig cells were cultured in 75 cm 2 flasks and subjected 
to treatment with LH (LH-RP3 No. AFP7187B; National 
Institute of Diabetes, Digestive and Kidney Diseases, 
USA) for the indicated times. Testosterone concentration 
was assayed in the incubation media by radioimmunoassay. 
Cells in five different incubation bottles were treated with 
either 1 or 10 ng/ml LH. The results are normalized for 
10 6 cells (number of cells determined by counting in 
Neubauer chamber) and the initial value (zero time) was 
taken as the concentration of testosterone detected in the 
incubation medium (DMEM + 10% FCS) without cells. 
3 H-Testosterone was obtained from NEN Life Science 
Products and the specific antibody was a generous gift 
from Dr Jose Antunes Rodrigues (Department of 
Physiology, Faculty of Medicine of Ribeirao Preto, 
University of Sao Paulo, Brazil). The lower limit of 
detection of the assay was 0 3 ng/ml sample and the 
intra-assay coefficient of variation was 5 4%. 

Isolation of total RNA 

Total RNA from all subconfluent or confluent cells and rat 
heart tissue was extracted by Trizol reagent (Gibco brl, 
Grand Island, NY, USA). RNase-free DNase I (1 U/uJ) 
was used to treat the isolated RNA for 1 h, to eliminate 
contamination with genomic DNA. The treatment was 
terminated by extraction with phenol— chloroform— isoamyl 
alcohol (PCI) in the proportions 25:24:1 (vol/vol) and 
precipitation with ethanol. 

Reverse transcriptase-polymerase chain reaction 

In order to prepare first-strand DNA, total RNA isolated 
from TM3 Leydig cells (« =3—4) and rat heart cells was 
reverse-transcribed with Superscript (Gibco brl) at 37 °C 
for 60 min, extracted with PCI and precipitated with 
ethanol. The cDNA synthesis was primed with oligo-dT 
primer. A PCR technique was used to amplify the 
synthesized cDNA. The following solution was used: 
0-2 umol/1 primers, 0-2 nimol/1 each dNTP, 50 mmol/1 
KC1, 10 mmol/1 Tris HC1 (pH 8-3) and 15 mmol/1 
MgCl 2 plus 2 5 U Amplitaq (Perkin Elmer, New Jersey, 
NJ, USA). The primers synthesized for Cx43 (sense: 
5'-ATGAGCAGTCTGCCTTTCGT-3'; antisense: 5'- 
CACCACCAGCATGAAGATGA-3') correspond to 
nucleotides 346-366 and 2076-2093 respectively of the 
rat Cx43 sequence (GeneBank accession number: XM 
027460) and are predicted to amplify a 459 bp PCR 
product. PCR was performed with 34 cycles of denatur- 
ation (94 °C, 1 min), annealing (55 °C, 1 min) and exten- 
sion (72 °C, 1 min). Rat glyceraldehyde-3-phosphate 
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dehydrogenase (GAPDH) primers predicted to amplify a 
221 bp PCR product (sense: 5'-GTCTTCACCACCAT 
GGAG-3'; antisense: 5'-CGATGCCAAAGTTGTCA 
TG-3') corresponding respectively to nucleotides 326-343 
and 518-536 of the rat GAPDH gene were added into the 
same RT-PCR reaction tubes and their products were 
used as internal controls (GeneBank accession number: 
Ml 7701). PCR products were size-fractionated by 
agarose gel electrophoresis. The expected Cx43 and 
GAPDH bands from the same sample were submitted to a 
densitometry analysis using the gel analysis software Sigma 
Gel (vl l, Jandel Scientific) and normalized by dividing 
the Cx43 values by the corresponding GAPDH values. 

The semi-quantitative method of RT-PCR used for 
studies of expression of Cx43 mRNA in TM3 Leydig cells 
was validated in preliminary experiments. Firstly, the 
optimal PCR conditions that yielded a single band on 
agarose gel eletrophoresis were determined for Cx43 and 
GAPDH genes in the same reaction tube. Secondly, to 
determine whether the method was semi-quantitative, 
serial quantities of total RNA (62'5, 125, 250, 500, 1000 
and 2000 ng) extracted from TM3 cells were used for 
RT-PCR amplification for Cx43 and GAPDH genes in 
the same reaction tube. Thirdly, experiments were per- 
formed to determine the . optimal number of PCR cycles 
that yielded PCR products in the linear phase of ampli- 
fication of both genes in the same reaction. Finally, to 
ensure that the reactions were consistent, PCR reactions 
were performed at least twice. Only one of these reactions 
was included for final densitometry analysis, and the 
selection was arbitrary. For the semi-quantitative PCR 
comparing the confluent and subconfluent cells and the 
drug treatments, the optimal total amount of RNA was 
500 ng and the optimal number of PCR cycles was 34. All 
reactions included a negative control RT( — ). The ident- 
ity of the amplification was confirmed by determination of 
the molecular size on agarose gel electrophoresis with a 
100 bp DNA molecular marker (Gibco brl). Results are 
presented as means ± s.e.m. 

Statistical analysis 

One-way analysis of variance followed by the Newman- 
Keuls multiple comparison test was used for data presented 
in Figs 2, 3 and 6. For data given in Fig. 1 we used the % 2 
test, and for those in Figs 4, 5, 8 and 9 we performed 
Student's non-paired (-test. In all cases, statistical signifi- 
cance was considered to be present at P<0-05. 

Results 

When examined at high density in confluent cultures, 
TM3 Leydig cells showed a poor degree of dye coupling 
(Fig. 1A, B) demonstrated by the low proportion of 
injections that resulted in the spread of Lucifer Yellow 
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Figure 1 Gap junction coupling between TM3 Leydig cells. (A) Phase and (B) fluorescence pictures of cells 
cultured under high confluence; (C) phase and (D) fluorescence pictures of cells forming pairs in a 
low-confluence culture. In (B) and (D) Lucifer Yellow was injected in one cell and pictures taken 2 min 
later. (E) Histogram of the percentage of coupled cells in each condition. Low, low-confluence cultures; 
High, high-confluence cultures; Pairs, cells in low confluence forming pairs; n, number of cells that were 
injected with Lucifer Yellow in each condition. Calibration bar in (D) represents 20 urn. 



between the cells (3% («=108), histogram in Fig. 1). In 
contrast, when cultured at low density as subconfluent 
cultures, the cells showed a high degree of coupling, with 
80% of the injected cells (» = 20) showing transfer of the 
dye. This number is very similar to that observed in cell 
pairs (Fig. 1C, D) in which 87% of the pairs were coupled 
(n=131, histogram in Fig. 1), and is in agreement with 
previous reports based on electrophysiological measure- 
ments (Perez- Armendariz et al. 1994, Varanda & Campos 
de Carvalho 1994, Cristancho et al. 2000). 

Western blots revealed the presence of Cx43 in TM3 
cells. Figure 2. illustrates an experiment in which Cx43 
was detected m subconfluent and confluent sister cultures. 
Densitometry shows that the labeling was more intense for 
subconfluent (lane 1) than for confluent (lane 2) cultures, 
indicating that the expression of this protein is modulated 
by contact between the cells. 

The results of semi-quantitative RT-PCR using Cx43- 
specific oligonucleotides and RNA extracted from Leydig 
cells in confluent and subconfluent cultures are shown 
in Fig. 3. Expression of Cx43 mRNA was reduced in 
confluent cultures (to 47-5% of subconfluent culture 
values, P<0-05), in agreement with the diminished 
expression of protein. 

It is widely accepted that db-cAMP and TPA activate 
PKA and PKC respectively (Berridge 1984). PKA acti- 
vation generally leads to increased intercellular communi- 
cation, but PKC activation usually has the opposite effect. 
Figure 4A shows the effect of PKA activation on gap 
junction intercellular communication 1, 6 and 12 h after a 
single addition of db-cAMP (0-5 mM) to the culture 
medium. Figure 4B illustrates similar experiments using 
TPA (50 nM) to activate PKC. Both cAMP and TPA 
gready reduced gap junction intercellular communication 
in subconfluent TM3 cell cultures. A significant reduction 
was already apparent in the first 1 h after addition of the 



drugs to the medium (>80% of the cells uncoupled), and 
this was maintained after 12 h of a single drug application. 

Staurosporin, an inhibitor of protein kinases, is able to 
couple TM3 cells in confluent cultures and to reverse the 
uncoupling effects of both TPA and c-AMP in subcon- 
fluent cultures. Figure 5 illustrates a typical experiment in 
which cells in a subconfluent culture were injected with 




1 2 



Figure 2 Western blot for Cx43. Lanes 1 and 2: homogenates of 
TM3 Leydig cells cultured under low and high confluence, 
respectively. Lane C: a rat heart homogenate used as positive 
control for Cx43. Each lane of the gel was loaded with 100 ng 
total protein before transfer to nitrocellulose. The band for cells in 
low confluence was more intensely marked than that for 
high-confluence cells. As the amount of protein loaded in the gel 
was the same, this difference can be used as a semi-quantitative 
estimate of Cx43 expression. The histogram represents the 
mean ± s.em. (n = 3) of the relative densitometry values for Cx43 
labeling, taking the rat heart homogenate as control. 'Protein 
expression in confluent cultures was significantly different from 
that in subconfluent ones (P<005). 
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Figure 3 Relative expression of Cx43 in total RNA isolated from subconfluent 
and confluent TM3 Leydig cells: results obtained by amplifying Cx43 and 
CAPDH RT-PCR products. The histogram represents the mean ± s.e m. for the 
ratio between the Cx43 and CAPDH bands (n = 4). The insert shows the 
agarose gel of a semi-quantitative RT-PCR experiment. RT( — ), negative 
control, performed with 500 ng total RNA derived from subconfluent cells in 
the absence of reverse transcriptase. 'Expression of mRNA in confluent 
cultures was significantly different from that in subconfluent cultures (P<005). 



Lucifer Yellow, db-cAMP (500 uM) was added for 1 h 
and dye coupling was again measured, and then 1 mM 
staurosporin was added, in the presence of db-cAMP, for 
30 min and coupling was assayed once more. The histo- 
gram shows that staurosporin restored gap junction inter- 
cellular communication to the control condition even in 
the presence of db-cAMP. Similar results were obtained 
when cells were treated first with TPA and then with 
staurosporin (not shown). 



Interestingly, total expression of the Cx43 protein 
in TM3 Leydig cells treated with cAMP, TPA and 
staurosporin was not altered in relation to control (Fig. 
6A). Accordingly, semi-quantitative RT-PCR using total 
RNA from the same treated cells showed that Cx43 
mRNA was not altered in relation to that in control 
cultures (Fig. 6B). 

Indirect immunofluorescence was used to evaluate 
whether the cellular localization of Cx43 was directly 




Figure 4 Junctional coupling in TM3 Leydig cells was decreased by cAMP (A) or TPA (B). The drugs were added to 
subconfluent cultures at a concentration of 500 uM for cAMP or 50 nM for TPA, for 1,6 and 1 2 h. Control, no drug 
added. The degree of coupling was assessed by injecting Lucifer Yellow in one cell of a group and counting the 
number of cells labeled after 2 min. A total of 720 cells was injected in three different culture dishes for each group 
(control, 1 h, 6 h and 12 h). For each experiment, the percentage of coupled cells (number of injected cells that 
passed dye to neighbors/total number of injected cells) was determined and means ± s.d. were plotted for each 
experimental condition. 'Coupling in the control was significantly greater than that in any of the treated cultures 
(P<005). 
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Figure 5 Staurosporin reversed the uncoupling effect of cAMP. At 
least 30 cells were injected with Lucifer Yellow in each of these 
subconfluent-culture dishes. The percentage of coupled cells in 
each dish was determined and means ± s.d. were plotted (number 
of cells injected in each condition was 90). Control coupling was 
determined 12 h after plating (black bar); cAMP (500 uM) was 
applied to the same cultures for 1 h and coupling was again 
determined (cross-hatched bar). Staurosporin (1 mM) was then 
added in the presence of cAMP, restoring the degree of coupling 
to control values (open bar). 'Coupling during cAMP treatment 
was significantly lower than that in the two other groups (P<0 05). 



related to coupling in cells at low and high confluence. In 
low-confluence cultures and in pairs of TM3 Leydig cells, 
immunoreactivity for Cx43 was detected at appositional 
membranes, in addition to diffusely in the cytoplasm (Fig. 
7A). In hign-confluence cultures, TM3 Leydig cell 
immunoreactivity was detected mainly as points dispersed 
in the cytosol, with no detectable labeling in appositional 
membrane regions (not shown). In agreement with the 
findings of the dye-coupling experiments, when subcon- 
fluent cultures or cell pairs were treated with 500 uM 
db-cAMP (Fig. 7B) or 50 nM TPA (Fig. 7C) for 1 h, they 
showed labeling over the cytosol and the perinuclear 
region, with disappearance of the appositional labeling 
(compare Figs 7A, 7B and 7C). In contrast, confluent 
cells treated with 1 mM staurosporin for 1 h showed 
intense reactivity at the appositional membranes (Fig. 7D). 
Incubation with secondary antibody alone did not label the 
cells (not shown). 

To investigate the effects of a physiological modulator of 
Leydig cells, we exposed TM3 subconfluent cultures to 
LH and measured hormone secretion and gap junction 
intercellular communication in the cultures. When testos- 
terone secretion by the TM3 cells in subconfluent cultures 
was determined during a 12 h period, control values were 
within the ranges reported in the literature (Perez- 
Armendariz et a\. 1996). Upon exposure of the cells to LH 
(1 or 10 ng/ml), testosterone secretion increased during 
the first hour and then was maintained at high levels 



during the 12 h period (Fig. 8). Figure 9 shows that, 
1 5 min and 1 h after application to TM3 Leydig cells, LH 
in concentrations of 1 and 10 ng/ml significantly reduced 
gap junction intercellular communication and that, 3 h 
after exposure of the cells to LH, coupling was totally 
abolished. These results were to be expected, because LH 
acts by increasing adenyl cyclase activity in these cells, 
resulting in activation of PKA. 

Discussion 

In this study we have shown that TM3 Leydig cells are 
coupled through intercellular gap junctions in a manner 
similar to that described for freshly dissociated Leydig cells 
from mouse testis (Perez-Armendariz et al. 1994, 1996, 
Varanda & Campos de Carvalho 1994). We have also 
shown that the junctional communication between TM3 
cells is modulated by cell density, as coupling in cells under 
high confluence was lower than that observed under low 
confluence or in cell pairs. 

Cx43 has an important role in gap junction communi- 
cation in TM3 Leydig cells, based on the correlation 
between modulation of cell-cell coupling and the 
expression of Cx43 at appositional membranes shown in 
this study. Previous experiments in which we showed that 
junctional conductance properties in TM3 cells were 
similar to those obtained in communication-deficient cell 
lines transfected with Cx43 cDNA reinforce this idea. To 
date, 11 different connexins have been reported to be 
present in the testis, communicating between the different 
cell types that constitute this organ (Kadle et al. 1991, 
Haefliger et al. 1992, Risley et al. 1992, Risley 2000). 
Preliminary experiments using RT-PCR in TM3 Leydig 
cells have identified six connexin transcripts, of which 
connexins 31, 37, 40, 43, 45 and 50 have been described 
in testis (Risley 2000). Whether or not all these connexins 
contribute to functional coupling between TM3 cells 
remains to be investigated. 

Our experiments show that, in TM3 Leydig cells, 
db-cAMP and TPA drastically reduce junctional coupling 
1 h after application. A rapid decrease (in minutes) in 
electrical coupling has been reported (Cristancho et al. 
2000) after activation of PKA and PKC, indicating that 
these protein kinases act to reduce intercellular communi- 
cation by both short- and long-term mechanisms in TM3 
cells. These findings are consistent with the hypothesis 
that their activation may induce effects directly on the 
channel — with respect to the fast reduction in junctional 
conductance - and may also interfere with the assembly, 
degradation, or both, of channel protein. In agreement 
with that, a 12 h exposure to cAMP or TPA induced 
disappearance of Cx43 membrane reactivity, restricting it 
to the cytoplasm of cells in subconfluent cultures, whereas 
total Cx43 protein concentrations and message levels were 
unaltered by these treatments. 
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Figure 6 cAMP, TPA and staurosporin did not affect the expression of Cx43 protein (A) or mRNA (B). (A and B) Lanes 
1-4: homogenates of TM3 subconfluent Leydig cell cultures treated with TPA+staurosporin, cAMP+staurosporin, TPA, 
and cAMP respectively; lane 5: control TM3 subconfluent culture (not treated); lane 6: a rat heart homogenate used 
as a positive control for Cx43. (A) Each lane of the gel was loaded with 100 (ig total protein before transfer to 
nitrocellulose. The histogram represents relative densitometry values for Cx43 labeling, taking the rat heart homogenate 
as control (n=3). Expression of Cx43 was not altered by any of the treatments. (B) Relative expression of Cx43 mRNA 
in subconfluent TM3 Leydig cells/obtained by amplified Cx43 and GAPDH RT-PCR products. The histogram represents 
the mean ± s.em. values for the ratio between the Cx43 and GAPDH bands (n = 3). The insert shows the agarose gel of 
a semi-quantitative RT-PCR experiment. RT( - ), negative control, performed with 500 ng total RNA derived from 
subconfluent cells in the absence of reverse transcriptase. 'Expression of mRNA in rat heart tissue was significantly 
different from treated and un-treated subconfluent TM3 cells (P<005). There were no significant differences between all 
groups of TM3 cells. 



The results reported here for db-cAMP are the opposite 
of what has been found in the majority of other cell types, 
in which cAMP enhances coupling in spite of the fact that 
it decreases single channel conductance (Kwak et al. 1995, 
Moreno et al 1994). Nonetheless, Sacai et al. (1992) and 
Cole & Garfield (1986) reported cAMP-dependent reduc- 
tion of coupling in myometrial cells and argued that their 
results were dependent on the stage of maturation of the 
cell. In addition, in immature rat prefrontal cortex, both 
cAMP and [^-adrenoceptor activation reduced gap junc- 
tional coupling, as demonstrated by a decline in transfer of 
dye between cells (Rorig et al. 1995). 

In contrast, our results with TPA are in agreement with 
most of those reported in the literature, in which a 
reduction in junctional conductance has been clearly seen 
in preparations in which Cx43 seems to be the main gap 
junction forming protein (Yada et al. 1985, De Mello 
1991, Giaume et al. 1991, Spray et al. 1991). Nonetheless, 
exceptions have been observed: an increase in coupling 
after treatment with TPA has been reported in Sertoli cells 
(Grassi et al. 1986) and in corpus cavernosum smooth 
muscle cells (Moreno et al. 1993). 

It should be pointed out that the data obtained with dye 
coupling, western blot, immunofluorescence and semi- 
quantitative RT-PCR in the TM3 cells were consistent. 
Immunofluorescence showed that the TM3 cells displayed 
Cx43 reactivity localized to the appositional membranes 
when in pairs or in low confluence, compatible with 
the high degree of dye coupling measured under these 




Figure 7 Indirect immunofluorescence for Cx43. (A) Cells forming 
pairs showed immunoreactivity mainly localized to the 
appositional membranes, where the gap junction plaques are 
localized. (B) Treatment of cells in low confluence with 500 uM 
db-cAMP displaced the immunoreactivity from the appositional 
membranes and dispersed it in the cytoplasm. 
(C) Immunoreactivity of cells in low confluence treated with 
50 nM TPA. Labeling was diffuse in the cytoplasm, but there was 
no appositional membrane labeling. (D) Intense membrane 
labeling in high-confluence cultures treated with 1 mM 
staurosporin for 1 h. Calibration bar represents 5 jim for (A), (B) 
and (C), and 10 urn for (D). 
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Figure 8 LH-induced testosterone secretion in TM3 Leydig cells. 
Cells were incubated in the absence of LH (control) and in the 
presence of 1 ng/ml or 1 0 ng/ml of the hormone. Values are 
means ±S.E.m. (n = 5). 'Statistically different from control (Student's 
non-paired t-test, P<0 05). 

conditions. In contrast, confluent cultures not only showed 
poor dye coupling, but also displayed iimnunoreactivity to 
Cx43 localized in the cytoplasm, and not in appositional 
membranes. Accordingly, western blots and the semi- 
quantitative RT-PCR of confluent cultures showed 
a lower expression of Cx43 protein and mRNA 
respectively, when compared with subconfluent cultures. 
However, Cx43 mRNA and Cx43 protein concentrations 
differed by approximately twofold, whereas the percentage 
of coupling varied by almost 30-fold when we compared 
subconfluent and confluent cultures, suggesting that other 
connexins may form gap junction channels between TM3 
cells, or that the localization of Cx43 at membrane 
appositional areas is the relevant variable. 

Granot & Dekkel (1994) and You et al. (2000) have 
reported that the expression of gap junctions between rat 
ovarian cells and between rat Leydig cells respectively 
can be modulated by PKA and LH - known to induce 
an increase in the intracellular concentration of cAMP 
PufTau et a/. 1980, Riiegg & Burgess 1989). Both groups 
showed that LH induced a significant decrease in Cx43 
mRNA levels after incubation for 24 h, and in the ovarian 
cells staurosporin blocked these effects. 

Many authors have shown that secretion is accompanied 
by uncoupling in endocrine and exocrine organs. You 
ct al. (2000) have direcdy measured the production of 
testosterone and levels of Cx43 mRNA during stimulation 
of rat Leydig cells by human chorionic gonadotrophin 
(hCG), both in culture and in vivo. As expected, hCG 
treatment led to an increase in testosterone formation and 
a decrease in Cx43 mRNA levels - an effect that was also 
mimicked by cAMP. These results are consistent with 
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Figure 9 Junctional coupling in TM3 Leydig cells was decreased 
by LH. Treatment of the cells with 1 ng/ml and 10 ng/ml LH 
decreased the degree of coupling in subconfluent cultures 
exposed to the hormone for 1 5 min, 1 h and 3 h compared with 
control (no drug added). The number of cells injected in each 
condition was 90. *The degree of coupling in the non-treated cells 
was significantly different from that in treated cells (P<0 05). 

experiments in which we found that LH at concentrations 
ranging from 1 to 10 ng/ml induced a marked uncoupling 
of the TM3 cells and a sustained increase in production of 
testosterone by the TM3 cells. Taken together, these data 
imply that gap junction mediated intercellular communi- 
cation may have an important role in modulating hormone 
production in Leydig cells. 
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Ubc9 is a homologue of the E2 ubiquitin conjugating enzyme and participates in the 
covalent linking of SUMO-1 molecule to the target protein. In this report we describe 
a simple and efficient method for obtaining pure human recombinant Ubc9 protein. 
The purified Ubc9 retained its native structure and was fully active in an in vitro 
sumoylation assay with the promyelocyte leukaemia (PML) peptide as a substrate. 
In order to better understand the physiology of Ubc9 protein we examined its levels 
in several rat tissues. Immunoblot analyses performed on tissue extracts revealed 
quantitative and qualitative differences in the expression pattern of Ubc9. The Ubc9 
protein was present at a high level in spleen and lung. Moderate level of Ubc9 was 
detected in kidney and liver. Low amount of Ubc9 was observed in brain, whereas 
the 18 kDa band of Ubc9 was barely visible or absent in heart and skeletal muscle. In 
heart and muscle extracts the Ubc9 antibodies recognized a 38 kDa protein band. 
This band was not visible in extracts of other rat tissues. A comparison of the relative 
levels of Ubc9 mRNA and protein indicated that the overall expression level of Ubc9 
was the highest in spleen and lung. In spleen, lung, kidney, brain, liver and heart 
there was a good correlation between the 18 kDa protein and Ubc9 mRNA levels. In 
skeletal muscle the Ubc9 mRNA level was unproportionally high comparing to the 
level of the 18 kDa protein. 

The presented data indicate that in the rat the expression of the Ubc9 protein ap- 
pears to have some degree of tissue specificity. 



Sumoylation is a post-translational modifi- isopeptide bond between the carboxyl termi- 
cation of proteins involving formation of an nus of SUMO-1 (also known as UBLl, sentrin, 
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PICl, SMTP3 or GMP1) and a lysine side 
chain of the target protein (Muller et al, 
2001; Tatham et al, 2003). The SUMO-1 path- 
way involves ATP-dependent SUMO-1 activa- 
tion catalyzed by the heterodimeric SUMO-1 
activating enzyme (SAE1/SAE2), transfer of 
SUMO-1 to the SUMO-l-conjugating enzyme 
Ubc9 in a transesterification reaction and the 
final transfer of SUMO-1 from the 
SUMO-1 -Ubc9 complex to the target protein. 
Covalent attachment of SUMO-1, unlike 
ubiquitination, does not result in degradation 
of the modified proteins, but enhances their 
stability or affects their subcellular compart- 
mentalization (Matunis et al, 1996; Desterro 
el al, 1998; Kang et al, 2003). Modification of 
proteins by SUMO-1 has been shown to be in- 
volved in multiple vital cellular processes, in- 
cluding DNA repair and replication, nuclear 
transport, oncogenesis, response to viral in- 
fection and the inflammation (Mao et al, 
2000; Mahajan et al, 1997; Rodriguez et al, 
1999; Hofmann et al, 2000; Baier et al, 
2003). 

The Ubc9 protein has been reported to asso- 
ciate with a large variety of cellular proteins 
including the putative tumor suppressor pro- 
tein Fhit (Shi et al, 2000). Ubc9 may modu- 
late the activity of the interacting protein di- 
rectly or by catalyzing the covalent attach- 
ment of SUMO-1. Direct activation of andro- 
gen receptor (Poukka et al, 1999) and abroga- 
tion of TEL (product of an E-26 transforming 
specific (ETS)-related gene) repressor activity 
(Chakrabarti et al, 1999) by interacting Ubc9 
protein have been reported. 

To date little is known about the physiology 
of the Ubc9 protein in spite of the intense re- 
search being conducted on the sumoylation 
process. As the first step toward understand- 
ing of the physiological role of Ubc9 we have 
examined the expression levels of Ubc9 in 
several rat tissues. In order to study the inter- 
action of Ubc9 with other proteins we also de- 
veloped a simple and efficient method for ob- 
taining pure human recombinant Ubc9 
protein. 



MATERIALS AND METHODS 

4-(2-Aminoethyl)-benzenesulfonyl fluoride 
hydrochloride (Pefabloc SC) was from Roche 
Applied Science (Mannhein, Germany). Esch- 
erichia coli BL21(DE3), and DH5a, oligo(dT), 
and dNTPs were from Invitrogen (Garlsbad, 
CA, U.S.A.). All primers were from Inte- 
grated DNA Technologies, Inc. (Coralville, IA, 
U.S.A.). Total RNA Prep Plus Kit, Plasmid 
Miniprep Plus and DNA Clean-Up Kit were 
from A&A Biotechnology (Gdansk, Poland). 
Moloney murine leukemia virus reverse tran- 
scriptase (MMLV-RT), and Tfl DNA polymer- 
ase were from Epicentre Technologies (Madi- 
son, WI, U.S.A.). RNasin was from Promega 
(Madison, WI, U.S.A.). BamHI and £coRI 
were from Fermentas AB (Vilnius, Lithua- 
nia). Leupeptin, isopropyl /?-D-thiogalactopy- 
ranoside, ampicillin, alkaline phosphatase- 
conjugated goat anti-rabbit IgG, 5-bromo-4- 
chloro-3-indoyl phosphate, and Nitro Blue 
Tetrazolium were from Sigma- Aldrich Sp. z 
o.o. (Poznari, Poland). Transfer Membrane 
was from Millipore Corp. (Bedford, MA, 
U.S.A.). Recombinant SUMO-1, GST-PML fu- 
sion peptide and SAE 1/SAE2 activating pro- 
teins were obtained from Dr. Ronald T. Hay 
from the Institute of Biomolecular Sciences 
at University of St. Andrews in Scotland. 

RNA extraction and reverse transcrip- 
tion. Total RNA was extracted from human 
blood cells or from rat tissues with the use of 
Total RNA Prep Plus Kit and stored at -40°C. 
Reverse transcription was performed in 20 /u\ 
final volume of 50 mM Tris/HCl, pH 8.3, 75 
mM KC1, 10 mM MgCl 2 , 10 mM DTT, 1 mM 
dNTPs, 500 ng oligo(dT), 12.5 U of reverse 
transcriptase (MMLV-RT), 10 U of RNasin, 
and 1-3 /ig of RNA. The reactions were incu- 
bated for 10 min at 22°C, 90 min at 37°C and 
5 min at 95°C. 

Multiplex PCR. In order to assess the level 
of the UBC9 gene transcript, we performed 
multiplex PCR with /?-actin mRNA as a refer- 
ence template. For UBC9 amplification the 
primers UBC24, CACCCATTTGGATCCGTG- 
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GC (forward) and UBC119, GGAGTACG- 
GGGAATTCTAA ATGAACC (reverse) were 
used. This defines a DNA fragment of 310 
base pairs. The primers were based on the rat 
cDNA sequence (Gen Bank, Accession No. 
NW 047334). Primers for /S-actin amplifica- 
tion were as described (Sakowicz et al., 2001), 
and the product was 511 base pairs long. The 
reaction mixture contained 50 mM Tris/HCl, 
pH 9.0, 20 mM ammonium sulfate, 300 ng of 
template, 0.40 fiM each of the 5' and 3' prim- 
ers, 0.375 mM of each dNTP, 3.75 mM MgCl 2 
and 0.75 U of Tth DNA polymerase. The PCR 
for/3-actin and Ubc9 consisted of an initial de- 
naturation at 95°C for 3 min and 34 cycles of 
30 s at 95°C, 30 s at 57°C, 30 s at 72°C, and a 
final extension of 10 min at 72°C amplifica- 
tion. 

The PCR reactions were performed in an 
Eppendorf-Mastercycler. The PCR products 
were separated by agarose gel electrophoresis 
and assessed by quantitation of ethidium bro- 
mide-stained bands with the use of the Gel 
Doc 2000 system (Bio-Rad). The relative 
amounts (OD/mm ) of both amplified tran- 
scripts were compared using the computer 
program Quantity One (Bio-Rad). 

Cloning of the UBC9 gene. Unless other- 
wise indicated, the recombinant DNA meth- 
ods used were those of Sambrook et al. 
(1989). In order to obtain cDNA for hUbc9 we 
run a PCR reaction with the primers PCU-1 
GGAICCTTGAACATGGCGGGGATC (for- 
ward) and PCU-3, AGCAGTCTTCCTTCCTT; 
AAGCAA (reverse), which introduced restric- 
tion enzyme cleavage sites (underlined) for 
BainRI and EcoRl, respectively. The primers 
were based on the human cDNA sequence 
(National Center for Biotechnology Informa- 
tion, accession No. U31933). The PCR reac- 
tion was performed in 20 //l final volume in 
50 mM Tris/HCl, pH 7.5, 20 mM ammonium 
sulfate, 2.5 mM MgCl 2 , 0.25 mM dNTPs, 1 U 
of Tfl DNA polymerase, 0.5 jtiM primers and 
1-2 ng of human blood cell cDNA. The PCR 
consisted of an initial denaturation at 94°C 
for 3 min and 35 cycles of 30 s at 94°C, 30 s at 



59°C, 45 s at 72°C, and a final extension of 10 
min at 72°C. The PCR product (529 bp) was 
then cut with appropriate enzymes and li- 
gated into the unique BamHl and EcoRl sites 
in pGEX-TKG vector (Kowara et al, 1999). 
The pGEX-TKG/f/5C9 plasmid was produced 
in E. coli DH5a cells. The cloned cDNA was 
sequenced and was confirmed to be complete 
hUbc9 coding cDNA. 

Cell growth and expression of hUbc9. 
pGEX-TKG/t/£C9 was used for the expres- 
sion of hUbc9 as a fusion protein with Schi- 
stosoma japonicum glutathione-S-transferase 
(GST) at the amino-ter minus. E. coli 
BL21(DE3) cells were transformed with the 
above-mentioned plasmid and colonies were 
grown on agar plates containing 100 /Yg/ml 
ampicillin. Picked colonies were grown over- 
night at 37°C in ampicillin-containing Luria- 
Bertani (LB) medium and 1 ml of this culture 
was inoculated into 1 1 of fresh medium, and 
incubated at 37°C to an absorbance of 0.7-0.8 
(measured at 600 nm). Expression of the 
GST-hUbc9 protein was induced by the addi- 
tion of 1 mM isopropyl /S-D-thiogalactopy- 
ranoside (IPTG). Following induction, the 
cells were grown for 3 h and harvested by 
centrifugation. 

Purification ofhUbc9. All steps were done 
at 4°C. Cell pellet from 1 1 culture was sus- 
pended in 40 ml of potassium phosphate-buf- 
fered saline (PBS), pH 7.4, 1 mM EDTA, 5 
mM /?-mercaptoethanol, 10 jug/ml leupeptin, 
0.2 mM Pefablock SC, 1 mM benzamidine 
(buffer A), placed on powdered dry ice and 
sonicated. The crude cell extract was clarified 
by centrifugation at 50000 X g for 30 min. 
The obtained supernatant was supplemented 
with Triton X-100 to a final concentration of 
1% and passed through a 7 ml agarose-gluta- 
thione column preequilibrated with buffer A 
containing 1% Triton X-100 (buffer Al). The 
column was washed successively with 200 ml 
of buffer Al containing 1 mM ATP, 10 mM 
MgCl2, and then with 1 1 of Tris-buffered sa- 
line (TBS), pH 8.0, 1 mM EDTA, 1 mM DTT, 
10 /ig/ml leupeptin, 0.2 mM Pefablock SC, 
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1 mM benzamidine. Finally, the GST-hUbc9 
protein was eluted from the column with 10 
ml of buffer TBS, pH 8.0, containing 5 mM 
glutathione. Fractions containing high pro- 
tein concentration were combined, desalted 
on Sephadex G-25 M (Pharmacia columns 
PD-10) previously equilibrated with PBS, pH 
7.4, 2.5 mM CaCl 2 . The desalted solution of 
GST-hUbc9 (4-6 mg) was incubated with 
thrombin (100 U) at 4°C for 6-8 h. Then the 
solution was passed successively through a 3 
ml agarose-glutathione column, and agarose- 
benzamidine column. Cleaved hUbc9 protein 
was dialyzed to PBS, pH 7.4. 

SUMO-1 conjugation assay. The conjuga- 
tion assay was performed using the PML pep- 
tide (PRKVIKMESEE) fused to GST (GST- 
PML) as a substrate. The reaction mixture 
(10 contained 120 ng SAE1/SAE2, 2 fig 
[ 125 I]-SUMO-1(A98-101), 200 ngUbc9, 600 ng 
GST-PML, 50 mM Tris/HCl, pH 7.5 and an 
ATP-regenerating system (5 mM MgCl2, 

2 mM ATP, 10 mM creatine phosphate, 3.5 
U/ml of creatine kinase, 0.6 U/ml of inor- 
ganic pyrophosphatase). Reactions were incu- 
bated at 37°C for 3 h. The reactions were ter- 
minated by addition of SDS-sample buffer 
containing /3-mercaptoethanol and the reac- 
tion products were fractionated by SDS/ 
PAGE (15%). The dried gels were analysed by 
phosphor imaging (Fujifilm FLA-3000). 
RadiolabeUing of SUMO-KA98-101) with 125 I 
(Amersham) was performed by the chlora- 
mine T method as described by Ciechanover 
et al. (1980). 

Preparation of tissues homogenates. 
Wistar rats weighing approx. 200 g were 
killed by decapitation. The tissue of interest 
was removed and homogenized in 3 vol. of 
PBS, pH 7.4, 1 mM Pefabloc SC, using a 
power-driven pestle. The resulting homoge- 
nate was supplemented with 2% SDS, 75 mM 
DTT, 10% glycerol, 0.1% bromophenol blue 
and boiled at 100°C for 3 min. After centri- 
fugation the supernatant was stored at 4°C. 

Antibodies. Polyclonal antibodies against 
the hUbc9 protein were generated in rabbits. 



Rabbits were subcutaneously injected in the 
back of the neck with 500 fig of purified re- 
combinant hUbc9 protein in Freund's 
adjuvant followed by three boosts with 300 fig 
of antigen each every 3 weeks. The antibodies 
were purified by chromatography on a pro- 
tein A-agarose column. 

SDS/PAGE and immunoblotting. Sam- 
ples (100 fig of protein) were separated by 
polyacrylamide gel electrophoresis (15% acry- 
lamide) in the presence of sodium dodecyl sul- 
fate (SDS/PAGE) (Laemmli, 1970) and the 
protein bands were developed by Coomassie 
Brilliant Blue staining or electrophoretically 
transferred to Immobilon poly(vinylidenedi- 
fluoride) transfer membrane (Millipore). The 
membrane was blocked with 3% bovine albu- 
min (fraction V) in phosphate buffered saline 
(PBS) with 0.02% NaN 3 and then washed with 
PBS. The blocked membrane strips were incu- 
bated with rabbit anti hUbc9 polyclonal anti- 
bodies (dilution 1:10000). Immunostaining 
was done using alkaline phosphatase-conju- 
gated goat anti- rabbit IgG (dilution 
1:20000), the chromogenic substrate 5-bro- 
mo-4-chloro-3-indoyl phosphate and Nitro 
Blue Tetrazolium. The developed bands were 
quantified by use of the Gel Doc 2000 system 
(Bio-Rad) and relative amounts were com- 
pared using the computer program Quantity 
One (Bio-Rad). 

Analytical. Protein concentration was de- 
termined by the method of Bradford (1976) 
with bovine serum albumin as a standard. In 
solutions containing SDS or Triton X-100 pro- 
tein concentrations were determined by the 
method of Lowry (1951). DNA and RNA con- 
centrations were determined by measuring 
the absorbance at 260 nm. 



RESULTS 

Expression of GST-hUbc9 

In order to optimize the expression condi- 
tions of GST-hUbc9, we cultured the bacterial 
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cells at different temperatures and for vari- 
ous periods of time. Expression of 
GST-hUbc9 at 37°C for 3 h after induction 
produced 15-20 mg of GST-hUbc9 from 1 1 of 
culture as assessed by densitometric analysis 
of SDS/PAGE (Fig. 1). Prolongation of the ex- 
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Figure 1. Expression in E. coli and purification of 
GST-hUbc9 protein on agarose-glutathione. 

On individual lanes of 12% SDS/PAGE were loaded: 
(1), 50 jig of E. coli lysate (non-induced); (2), 50 fig of 
lysate of E. coli cells induced for 3 h; (3-6) 20 fig of 
protein eluted by 5 mM glutathione from glutathio- 
ne-agarose column (fractions containing the protein 
peak). On lane M molecular mass markers were 
loaded. 

t. 

pression time at 37 °C did not increase the to- 
tal yield of the protein, whereas the amount 
of soluble protein (protein recovered in the 
high-speed supernatant) decreased (not 
shown). Expression of GST-hUbc9 in E. coli 
strain BL21(DE3) cultured at 24°C for 16 h'or 
at 18°C for 48 h did not produce a higher 
amount of this protein. There were no losses 
in the yield of GST-hUbc9 from bacterial cul- 
tures stored on agar plates for up to 30-40 
days at 4°C. Cells stored on agar plates longer 
than 40 days produced cultures with a lower 
yield of GST-hUbc9. 

Purification of hUbc9 

Usually the process of protein purification 
started with 4-6 g of E. coli cells obtained 
from 1 1 of culture. The purification of 
GST-hUbc9 on the glutathine-agarose yielded 
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essentially pure protein contaminated mainly 
by a protein of 27 kDa on SDS/PAGE (Fig. 1). 
Immunoblot analysis showed that this pro- 
tein band is recognized by anti-GST poly- 
clonal antibodies (not shown). GST was re- 
moved from the GST-hUbc9 fusion protein by 
incubation with thrombin. Incubation of 
GST-hUbc9 with thrombin at 4°C for 6-8 h re- 
sulted in complete cleavage of the GST tag 
(Fig. 2). There were no unspecific cleavage 

[kDa] M 1 2 3 
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Figure 2. Thrombin cleavage of the GST-hUbc9 
protein. 

The GST-hUbc9 protein purified on glutathione 
agarose column (lane 1) was cleaved with thrombin as 
described under Materials and Methods. Lane 2, 
GST-hUbc9 protein after 7 h incubation at 4°C with 
thrombin. Lane 3, recombinant hUbc9 protein purified 
from thrombin and the cleaved GST. On each lane of 
15% SDS/PAGE (1-3) 20 fig of protein was loaded. 
Lane M, the molecular mass markers. 

products. The observed shift in mobility of 
hUbc9 after the removal of the GST tag was 

r 

of the order expected from the removal of 27 
kDa protein. Thrombin and the cleaved GST 
tag were removed by passing successively 
through an agarose-glutathione column (GST 
retained), and an agarose-benzamidine col- 
umn (thrombin retained). The purification 
yielded 5-10 mg of electrophoretically pure 
hUbc9 (Fig. 2). 

Catalytic properties of recombinant hUbc9 

In order to characterize the apparent size of 
native recombinant hUbc9, the purified pro- 



Ubc9 expression in rat 



1070 



tein was subjected to a gel filtration on 
Sephacryl S-100 column calibrated with glob- 
ular monomeric proteins. Ubc9 eluted slightly 
faster than the 14.4 kDa lysozyme (not 
shown). Therefore it may be assumed that the 
purified Ubc9 protein was present in mono- 
meric form. 

Human Ubc9 is a homologue of the ubiqui- 
tin-conjugating enzyme E2. In the SUMO-1 
pathway Ubc9 transfers activated SUMO-1 to 
the target protein. In order to examine the en- 
zymatic activity of purified recombinant 
hUbc9 we performed in vitro SUMO-1 conju- 
gation assay with the promyelocyte leukae- 
mia (PML) peptide as a substrate. The PML 
peptide (PRKVIKMESEE) contains the 
consensus sequence ^KxE (where t/> is a hy- 
drophobic amino acid and x is any amino 
acid) essential for SUMO-1 modification. 
Analysis of the reaction products separated 
on SDS/ PAGE indicated that the 39 kDa pro- 
tein band corresponding to GST-PML- 
SUMO-1 was only visible when the reaction 
was run in the presence of recombinant 
hUbc9 (Fig. 3). This indicates that the ob- 
tained hUbc9 protein preserved its native 
SUMO-1 conjugating activity. 

Expression of Ubc9 in rat tissues 

In order to examine Ubc9 expression in vari- 
ous rat tissues we assessed its protein and 
mRNA level. A comparison of the amino-acid 
sequences of human (AAC50603) and rat 
(NP037182) Ubc9 proteins reveals that they 
are identical in 97%. Therefore, in our experi- 
ments we could use polyclonal antibodies 
against hUbc9. Densitometry analysis of 
Western blot presented in Fig. 4 indicated 
that the Ubc9 protein was present at a high 
level in spleen and was slightly less abundant 
in lung. A moderate level of Ubc9 was de- 
tected in kidney and liver. Low amount of 
Ubc9 was observed in brain, whereas the 18 
kDa band of Ubc9 was barely visible or absent 
in heart and skeletal muscle. In contrast, in 
heart and muscle extracts the anti-Ubc9 
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polyclonal antibodies recognized a 38 kDa 
protein band (Fig. 4). This band was not 
visible in extracts of other rat tissues. 




Figure 3. Sumoylation of GST-PML. 

Sumoylation of PML peptide (PRKVIKMESEE) fused 
to GST was performed in the absence (-Ubc9) and in 
the presence (+Ubc9) of purified recombinant human 
Ubc9 as described in Materials and Methods. The reac- 
tion products were fractionated by SDS/PAGE (15%) 
and the dried gels were analyzed by phosphor imaging 
(Fujifilm FLA-3000). 

In the rat tissues examined we also evalu- 
ated the level of Ubc9 mRNA by multiplex 
RT-PCR. As a reference transcript we ampli- 
fied a fragment (511 bp) of /?-actin. The data 
presented in Fig. 5 indicate that spleen and 
lung contained similar and the highest level 
of Ubc9 mRNA. Kidney, liver, brain, and skel- 
etal muscle contained similar levels (about 
40% of that found in the spleen) of Ubc9 
mRNA. The lowest level of Ubc9 mRNA was 
found in the heart. A comparison of the rela- 
tive level of Ubc9 mRNA and protein indi- 
cated that the overall expression level of Ubc9 
was the highest in spleen and lung. In spleen, 
lung, kidney, brain, liver and heart there was 
a good correlation between the 18 kDa pro- 
tein and Ubc9 mRNA levels. In skeletal mus- 
cle the Ubc9 mRNA level was unpr*opor- 
tionally high relative to the level of the 18 kDa 
protein. 
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Figure 4. Ubc9 protein levels in rat tissues. 

A. Extracts (100 //g) of the tissues examined were sub- 
jected to 15% SDS/PAGE and transferred to an Immo- 
bilon membrane as described under Materials and 
Methods. The membranes were immunoblotted with 
anti-Ubc9 IgG. Lanes H, B, L, K, M, Lu, S refer to ex- 
tracts of heart, brain, liver, kidney, skeletal muscle, 
lung, arid spleen, respectively. On lane U purified re- 
combinant hUbc9 protein (25 ng) was loaded. The pre- 
sented blot is representative of those performed on tis- 
sue extracts obtained from four different animals. B. 
The blot shown in part A was scanned and the bands 
were quantitated. The data are presented as a ratio of 
the intensity of each protein band to the most inten- 
sive band visible in the spleen extract +S.D. (n = 4). In 
the case of heart and skeletal muscle the 1 and II bars 
represent the protein bands of 18 and 38 kDa, respec- 
tively. 



DISCUSSION 

The expression and purification system de- 
scribed in this contribution allowed the pro- 
duction of large quantities of soluble hUbc9 
protein. The obtained GST fusion protein was 
efficiently cleaved by thrombin owing to the 
presence of a glycine spacearm prior to the 
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Figure 5. UBC9 gene transcript levels in rat tis- 
sues. 

The Ubc9 mRNA level was assessed by quantitation of 
multiplex RT-PCR products as described under Materi- 
als and Methods. A. Multiplex RT-PCR products were 
separated by 2% agarose gel electrophoresis. Lanes K, 
H, L, Lu, M, S, and B refer to the PCR products ob- 
tained for kidney, heart, liver, lung, muscle, spleen and 
brain, respectively. The gel shown is representative of 
those obtained for three rats. B. Multiplex RT-PCR 
products were assessed by quantitation of ethidium 
bromide-stained bands. The ratio of the Ubc9 PCR 
product (OD/mm ) to the /3-actin PCR product was cal- 
culated (Ubc9//?-actin). The data are mean ±S.D. (n = 4). 



thrombin cleavage site (Hakes & Dixon, 1992). 
Digestion of the GST-hUbc9 protein with 
thrombin leaves only three unrelated amino 
acids at the N-terminus of hUbc9. These three 
additional amino acids should not cause any 
significant disturbances in the structure of the 
recombinant hUbc9 protein nor affect its func- 
tion. Functionality of the protein produced 
was confirmed in an in vitro sumoylation assay 
(Fig. 5). The assumed physiological role of 
Ubc9 protein is to transfer the SUMO-1 pro- 
tein from the SUMO-1- SAE1/SAE2 thioester 
complex to the target protein substrate. The 
Ubc9 region that is involved in target protein 
recognition and interaction has been found to 
be located in the C-terminal part of the protein 
(Donghai et al, 2002). It was demonstrated 
that mutations of Q126, Q130, A131, E132, 
Y134 and T135 residues significantly affect 
the Ubc9 interaction with target proteins lead- 
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ing to diminished SUMO-1 conjugation. The 
N-terminal part of Ubc9 forms an a-helical 
structure that is not involved in the binding to 
the target protein (Donghai et al, 2002), but 
the interaction of Ubc9 with heterodimeric 
SAE1/SAE2 was reported to involve the C-ter- 
minal part of the N-terminal a-helix of Ubc9 
(Bencsath et al, 2002). 

The data presented in this study show for 
the first time the distribution of Ubc9 protein 
and mRNA in rat tissues. Analysis of the 
immunoblots of the seven rat tissues studied 
revealed that there are quantitative and quali- 
tative differences among them. The highest 
content of Ubc9 protein was observed in 
spleen whereas heart and skeletal muscle ex- 
hibited very low levels of Ubc9 (Fig. 4). In the 
examined tissues the level of the Ubc9 protein 
correlated well with its mRNA level except for 
skeletal muscle, where the Ubc9 transcript 
level was unproportionally high. Such a pat- 
tern of Ubc9 expression is different from that 
obtained for human tissues. The Ubc9 mRNA 
level was reported to be the highest in human 
heart and smooth muscle (Wang et al, 1996). 
In human tissues Northern blot analyses 
identified UBC9 transcripts of 4.4, 2.4, and 
1.3 kb length. The 1.3 kb transcript was the 
main transcript present in all analyzed hu- 
man tissues, whereas the 2.4 and 4.4 kb tran- 
scripts were mainly expressed in heart and 
smooth muscle (Wang et al, 1996). Thus, the 
about 38 kDa protein bands recognized by 
anti Ubc9 antibodies observed in our studies, 
could be the products of alternatively spliced 
transcripts. The Ubc9 protein, beside its enzy- 
matic activity involved in the sumoylation 
pathway, also displays other activities that 
are not related to sumoylation. Therefore, 
changes in Ubc9 expression may affect many 
cellular processes that are independent of 
sumoylation including enhancement of the ac- 
tivity of transcription factors and promotion 
of nuclear translocation (Hahn et al, 1997; 
Poukka et al, 1999; Chakrabarti et al, 1999; 
Kurtzman & Schechter, 2001; Kaul et al, 
2002). 



Concluding, the presented results indicate 
that Ubc9 is ubiquitously expressed in rat but 
at different levels in different tissues. More- 
over, our data indicate that the pattern of 
Ubc9 expression observed in the rat differs 
significantly from that observed in the hu- 
man. In order to find out the identity of the 38 
kDa protein recognized by Ubc9 antibodies 
further experiments are required. 
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ABSTRACT 

Motivation: Protein abundance is related to mRNA 
expression through many different cellular processes. 
Up to now, there have been conflicting results on how 
correlated the levels of these two quantities are. Given that 
expression and abundance data are significantly more 
complex and noisy than the underlying genomic sequence 
information, it is reasonable to simplify and average them 
in terms of broad proteortiic categories and features (e.g. 
functions^ or secondary structures), tor understanding their 
relationship. Furthermore, it will be essential to integrate, 
within a common framework, the results ol many varied 
experiments by different investigators. This will allow one 
lo survey the characteristics of highly expressed genes 
and proteins. 

Results: To this end, we outline a formalism for merging 
and scaling many different gene expression and protein 
abundance data sets into a comprehensive reference . 
set, and we develop an approach tor analyzing this in 
terms ol broad categories, such as composition, function, 
structure and localization. As the various experiments are 
not always done using Ihe same set of genes, sampling 
bias becomes a central issue, and our formalism is 
designed to explicitly show this and correct for it. We apply 
our formalism lo the currently available gene expression 
and protein abundance data for yeast. Overall, we found 
substantial agreement between gene expression and 
protein abundance, in terms ol the enrichment of structural 
and functional categories. This agreement, which was 
considerably greater than Ihe simple correlation between 
these quantities lor individual genes, reflects the way 
broad categories collect many individual measurements 
into simple, robust averages. In particular, we found 

*To whom correspondence should be addressed. 
'These authors contributed equally to this work. 



that in comparison to the population of genes in the 
yeast genome, the cellular populations of transcripts and 
proteins (weighted by their respective abundances, the 
transcriptome and what we dub the translatome) were both 
enriched in: (i) the small amino acids Val, Gly, and Ala; 
(ii) low molecular weight proteins; (iii) helices and sheets 
relative to coils; (iv) cytoplasmic proteins relative to nuclear 
ones; and (v) proteins involved in "protein synthesis,' 'cell 
structure,' and 'energy production.' 
Supplementary information: http://genecensus.org/ 
expression/t ranslatbme 
Contact: mark.gerstein@yale.edu 

INTRODUCTION 

High throughput experimentation, measuring mRNA 
(Schena el al., 1995; Eisen and Brown, 1999; Ferea 
and Brown, 1999; Lipshutz el al., 1999) and protein 
expression (Anderson and Seilhamer, 1997; Futcher et al, 
1999; Gygi ei al., 1999a; Ross-Macdonald el al., J999; 
Lopez, 2000; MacBeaih and Schreiber, 2000; Nelson 
et al., 2000; Zhu et al, 2000) are currently the single 
richest source of genomic information. However, how io 
best interpret this data is still an open question (Bassetl 
et al, 1996; Wittes and Friedman, 1999; Zhang, 1999; 
Gerstein and Jansen, 2000; Searls, 2000; Sherlock, 2000; 
Claverie, 1999; Einarson and Golemis, 2000; Epstein and 
Butow, 2000; Shapiro and Harris, 2000). Understanding 
how protein abundance is related to mRNA transcript 
levels is essential for interpreting gene expression, protein 
interactions, structures and functions in a cellular sys- 
tem (Hatzimanikatis el a!., 1999). Moreover, as protein 
concentration is the more relevant variable with respect 
to enzyme activity, it connects genomics to the physical 
chemistry of the cell (Kidd ei al, 2001). Protein abun- 
dance may also be invaluable for diagnostics and for 
determining drag targets (Corlhals el al., 2000). 
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Previously, we surveyed the population of protein 
features — such as folds, amino acid composition, and 
functions — in yeast, and other recently sequenced 
genomes (Gerstein, 1997, 1998a,b; Gerstein and Hegyi, 
J 998; Hegyi and Gerstein, 1999; Das and Gerstein, 
2000; Lin and Gerstein, 2000), and we extended this 
concept lo compare the population of features in the 
yeast transcriptome to that in the genome (Drawid et 
al, 2000;Jansen and Gerstein, 2000). Others have also 
done related work (Frishman and Mewes, 1997; Tatusov 
et al, 1997; Jones, 1998; Wallin and von Heijne, 1998;. 
Frishman and Mewes, 1999; Wolf et al, 1999). Here, we 
present a new methodology to compare the features of the 
'mRNA expression population with the protein abundance 
population. 

Precise terminology is essential for this comparison. 
Unfortunately, 'proteome' is used inconsistently. Pro- 
teome can logically be used to describe all the distinct 
proteins in the genome (Qi et al, 1996; Cavalcoli et al, 
1997; Fey et al, 1997; Garrels el al, 1997; Gaasterland, 
1999; Jones, 1999; Sali, 1999; Tekaia et al, 1999; 
Bairoch, 2000; Cambillau and Claverie, 2000; Doolittle, 
2000; Pandey and Mann, 2000; Rubin et al, 2000) and, 
in this context, it is equivalent to what others may refer 
to as the coding part of the genome. However, in papers 
on two-dimensional (2D) electrophoresis, it is often used 
to describe the sum total of proteins in a cell, taking 
into account the different levels of protein abundance 
(Shevchenko et al, 1996; Gygi el al, 2000a; Lopez, 
2000; Washburn and Yales, 2000). In an effort lo be clear, 
we propose the term 'translatome' for this second usage 
of proteome. 

With this definition, we are able to refer compactly to 
three different cellular populations. These are illustrated 
in Figure 1 . 

(i) We use the term genome when we refer lo the 
population of open reading frames, where each ORF 
counts once. 

(ii) We use ihe term transcriptome when we refer to 
. the population of mRNA transcripts. This term was . 
originally coined by Velculescu et al. (1997). Note 
that each ORF may give rise lo different numbers 
of transcripts. Consequently, the transcriptome is 
essentially the same as the genome but with each 
ORF weighted by its expression level. 

(iii) The next level is the cellular population of proteins. 
As each protein represents a translated transcripl, 
we make an analogy with the term transcriptome 
and use the term translatome as described above 
to describe this third population. Thus, the trans- 
latome is a subset of the genome where each 
ORF is weighted by its associated level of protein 
abundance. 



Note that one could also, less compactly call the trans- 
latome a 'weighted proteome." However, doing so assumes 
one of the two aforementioned definitions of proteome. To 
avoid ambiguity, we studiously avoid the use of proteome 
altogether in the paper. 

Differences between the translatome and the transcrip- 
tome exist given that transcripts from different genes 
can give rise to different numbers of proteins, due to 
different rates of translation and protein degradation. 
Post-transcriptional modifications further affect the 
translatome. 

In our analysis of the transcriptome and translatome, we 
focus on global protein features rather than the compari- 
son of individual genes. Previous analyses have shown that 
differences between mRNA expression and protein abun- 
dance levels can be quite dramatic for individual genes. 
. This may either be due to the noise in the data or to funda- 
mental biological processes. However, our analyses show 
that the variation between transcriptome and translatome 
is much smaller for global properties that are computed by 
averaging over the properties of many individual genes. 

METHODS 
Data sources used 

For our analysis we culled many divergent data sets,, 
representing protein abundance and mRNA expression 
experiments and also other sources of genome annotation. 
These are all summarized in Table 1 . 

Biases in the data 

The databases that annolate the specific genes may 
not always be accurate (Ishii et al, 2000). Gene Chip 
experiments suffer with regard to cross hybridization 
and the saturation of probes. SAGE data degrades for 
lowly expressed mRNAs. 2D gels are unable to resolve 
membrane proteins (approximately 30% of the genome) 
and basic proteins (Gerstein, 1998c; Krogh et al, 2001). 
In addition, the procedures for identification and quan- 
tification of the protein spots are subject to uncertainties 
(Haynes and Yates, 2000). Human biases include the 
lack of low abundance proteins (Fey and Larsen, 2001 ; 
Gygi et al, 2000b; Harry et al, 2000) and the differences 
between laboratories in sample preparation. Our reference 
expression data set attempts to resolve these problems. 

Data set scaling 

A reference set for mRNA expression. With many differ- 
ent mRNA expression data sets available, it is worthwhile 
to integrate them into a single unified reference set, with 
the intenlion of reducing the noise and errors contained in 
the individual data sets and lo obtain a unified estimate of 
the normal expression state in a cell. 
We adopt an iterative scaling and merging formalism, 
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Fig. 1. Schematic overview of the analysis. On the left-side we outline the terms we use to describe the process of gene expression. The 
coding section of the genome is transcribed into a population of mRNA transcripts called the 'transcriptome.' The transcripts in turn are 
translated to a population of proteins; we use the term 'translalome' for this protein population rather than the alternative 'proteome' because 
the latter term may be confounded with the protein complement of the genome (which is not necessarily associated with a quantitative 
abundance level). 

The matrix in the middle schematically shows an analysis of the three stages of expression. In general, we define a protein 'population' as 
a set of genes associated with a corresponding number of expression or abundance levels ('weights'): In the matrix each row represents a 
weight and each column a gene set. In particular, we differentiate between the mRNA reference expression set (GmRNA = ^Gcd). which 
essentially covers the complete genome, and the reference protein abundance set (Cpm,) which contains the proteins in data sets 2-DE #1 and 
2-DE #2 (see Table 1) because the protein abundance set is a significantly smaller subset of the genome. By definition, this subset contains 
only proteins that can be identified by 2-D gel electrophoresis and is therefore biased in this sense. The enrichment figures throughout this 
paper, through a comparison of the right- and left-sides of this figure, show the results of the experimental biases of 2D gels on the data set. 
Each pie chart represents a composition of aparticular protein feature F (for instance, an amino acid composition) in a population (represented 
by the symbol /i). We can further look at the 'enrichment' of this feature in one population relative to another (represented by the symbol A , 
see Section 'Methods' for an explanation of the formalism). 



which we summarize below. We present a more detailed 
review of the methods on our web site. 

, We start with the values of one gene chip data set {/, 
where i is used throughout as a subscript to denote gene 
number. We then transform the values of the next Gene 
Chip data set X- : to Y-, with the following non-linear regres- 
sion: min£,- (Yj - U,-) 2 with X, = AX? where A and B 
are the parameters of the regression. Note that two Gene 
Chip sets may nol be defined for the same set of genes, 
so we have to perform the fit only over the genes com- 
mon to both sets. The motivation for scaling is that the 
dynamic range of observed expression levels varies some- 
what between different data sets, although cell types and 
growth conditions are very' similar. Reasons for dispar- 
ity may include different calibration procedures for relat- 
ing fluorescence intensity to a cellular concentration (mea- 
sured in copies of transcripts per cell) or different pro- 
tocols for harvesting and reverse-transcribing the cellular 
mRNA. 

We then merge and average the data to create a new 



reference set V as follows: 

If Ui and Yi are both defined for gene i and — — < or 

Yi + Ui 

Then V, = i(Y, f +'(//) 

Else if only Yj exists, V; = y ; 

Else V, = Ui. 

As presented above, where only one data set. has a value 
for the corresponding ORF, we incorporated that value 
and did not exclude it. When both data sets have values 
for an ORF, we averaged the values if ihey were within 
15% of each other; otherwise, we just stayed with the 
original chip data set f,. We used a = J 5% in order to 
prevent outliers from skewing the result. This J 5% value is 
a reasonable threshold for excluding outliers though other 
values (e.g. 10 or 20%) would give similar results (data 
not shown). Other data sets are subsequently included in 
the same procedure, continuing the iteration from the new 
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expression values V;. The initial iteration starts with the 
Young Expression Set, as f; , since we have the highest 
confidence in its accuracy. 

The SAGE data (Velculescu et al, 1997) was not 
included in the above procedure since it is of a funda- 
mentally different nature. An advantage of the SAGE 
technology over Gene Chips is that there is no possible 
signal saturation for high expression levels, as is possible 
for chips (Futcher et al, 1999). Conversely, SAGE values 
are less reliable for lowly expressed genes since there 
is a chance that one might not sequence , a SAGE tag 
corresponding to such a gene altogether. Therefore, if 
after the last iteration, the average Gene Chip expression 
level V; was both above a certain threshold P and below 
the SAGE expression level 5/ for the same gene, it was re- 
placed with the SAGE value; otherwise the average Gene 
Chip value was kept. This gave us our final expression 
set w m RNA. Our treatment of the SAGE data is modeled 
after that in Futcher et al. (1999), and like them, we used 
/J = 16. 

This incorporation of the SAGE data into the reference 
data set ensures that the highly expressed outliers are as 
accurate as possible. 

Rather than plain arithmetic averaging, this overall scal- 
ing procedure with the a cutoff avoids 'artificial averages' 
that combine very different values for a particular gene. 
Some expression values might be statistical outliers. In 
addition, it may be possible that the expression levels of 
a variety of genes can only be within mutually exclusive 
ranges or modes, such as when two alternative pathways 
are switched on or off. Simply averaging these would give 
values thai are less representative of the particular mode 
values. This situation is analogous to that in averaging 
together an ensemble of protein structures (i.e from NMR 
structure determination). Each structure could be stereo- 
chemically correct, with all side-chain atoms in predefined 
rotamer configurations. However, an average of al) struc- 
tures could yield one that is stereochemically incorrect if 
this involved averaging over particular side-chains in dif- 
ferent rotameric states. 

With regard to our regression analysis, we have investi- 
gated both non-linear and linear fits but found a non-linear 
procedure to be more advantageous. The non-linear rela- 
tionship between different expression data sets perhaps 
reflects saturation in one or more of the. Gene Chips — not 
an uncommon phenomenon. This non-linearity is imme- 
diately evident on scatter plots of two data sets against 
one another (see website). Accordingly, the non-linear 
fit produces a smaller residual than the linear fit: 98297 
(non-linear) versus 122 1 82 (linear) for the scaling of the 
Church data set and 59828 (non-linear) versus 67462 
(linear) for the Samson data set. 



A reference set for protein abundance. We followed a 
similar procedure to calculate a reference protein abun- 
dance set from the two gel electrophoresis data sets. We 
first scaled the two data sets against the mRNA expres- 
sion reference data set, getting regression parameters Cj 
and Dj: 

"""Y^W j ~ C J U 'mRMA..) 2 
i 

where the subscript j indicates the data set 2-DE #1 or 
2-DE #2 respectively; fij is the protein abundance value 
in data set j, and iu m RNA;j 'he corresponding reference 
expression value, and Cj and Dj are the parameters of 
the non-linear regression. 

Using these parameters, we transformed the values of set 
2-DE #2 onto 2-DE #1 . Then we combined both sets into 
the reference protein set v»mt by averaging them, if both 
values existed. Otherwise, by using the existing value, vir 




"tow,; •= (Pi.i + 2;.2)/2 if both P iA and Q,, 2 exist. 
Else if only P; \ exists, wprot.f = P>.\ 
Else if Qj.2 exists, ttfprot.i = Qi.z- 

Enrichment of features 

Formalism. In the next part of our analysis, we want 
to group a number of proteins together into various 
categories based on common features and characterize 
those features that are enriched in one population relative 
to another, i.e. the translatome population of proteins 
as measured by 2D gels relative to the transcriptome 
population of transcripts or ihe genome population of 
genes. To this end, we set up a formalism that could 
be applied universally to all the attributes that we were 
interested in. Due to the limitations of the experiments, 
the translatome, transcriptome, and genome populations 
are defined on different sets of genes, and sometimes we 
want to remove this 'selection bias' by forcing them to be 
compared on exactly the same set of genes. This is a key 
aspect of our formalism as presented in Figure 1. 

We call an entity like [w, G] a 'population/ where G 
is a set describing a particular selection of genes from the 
genome and w is vector of weights associated with each 
element of this population. In particular, we focus on three 
main populations here: 

(i) [1, Gg«i] is the population of genes in the genome, 
all 6280 genes weighted once (w = 1); 

(>') l w mRNA, G m RNAj is the observed population of the 
transcripts in the transcriptome, i.e. the 6249 genes 
in the reference expression set weighted by their 
reference expression value: 
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(iii) [wprot, Gp IO |] is the observed cellular population of 
the proteins in the translatome, i.e. the 181 genes 
in the reference abundance set weighted by their, 
reference abundance value. 

(The set of genes in the genome Ggc„ is approximately 
equal to the genes in set G m RNA, such that we can use 
both symbols interchangeably.) We can also use this nota- 
. lion to describe specific experiments — e.g. [wia c 2, G| ac z] 
describes the gene set and weights relating to the transpo- 
son abundance set. 

Furthermore, we define Fj as the value of a feature F 
in ORF j. For example, F could be the composition 
of leucine (a real number) or a binary value (0 or 1) 
indicating whether an ORF contains a trans-membrane 
segment. Given these definitions, the weighted average of 
feature F in population [w, G] is: 



p(F, [w, G]) = 



The weighted averages of two populations [w, G) and 
[v, S) can be compared by simply looking at their relative 
difference A: 



MF, [v,S), [w, G]) = 



MF, [v, S)) - n(F, [w, G]) 
^(F,[w,GJ) 



where v and w are weights for the sets of ORFs S and.G 
respectively. We call A the 'enrichment' of feature F 
because ' it indicates whether F is enriched (if A is 
positive) or depleted (if A is negative) in population [v, S] 
relative to [w, G). 

Usually, the gene set G is defined by the particular 
experiment, for which the weight w was measured. 
However, it is also possible to combine the gene set 
associated with one experiment with expression levels 
from another set. One may want to do this to compute 
the enrichment only on the genes common to both 
populations, for which there are defined values for both w 
and v, viz: A{F,[v, S fl G], lw, S n G]). In practice, 
this is most relevant for comparing G Pra , and G mRNA . 
Since Gp I0I is completely a subset of G m RN A , we need 
not explicitly deal with intersections if we calculate all 
statistics directly over Gp ro i. 

One can adjust the weight vectors to take into account 
different types of averaging. For instance, when com- 
puting the amino acid composition (F = an) from the 
amino acid compositions of individual ORFs Fj = aaj 
(Vj e G), we weight by ORF length. In the case of 
expression weights, we have: 

Wj = N jWmRNA.y V/ 6 G 

where Nj is a measure of the length of ORF j (such as the 
number of amino acids). 



On the other hand, when computing the average molec- 
ular weight per amino acid, we need to normalize by the 
number of amino acids per ORF, which is equivalent to 
choosing the following weights: 



Vy e G. 



Application of methodology to quantitative 
abundance sets 

Having defined our formalism, we applied it to a diverse 
set of protein features in yeast. . 

Amino acid enrichment. As shown in Figure 2a, we used 
our methodology to measure the enrichment of individual, 
amino acids in both the translatome and the transcriptome 
relative to the genome. We found that three amino acids — 
valine, glycine and alanine — were consistently enriched in 
both transcriptome and translatpme populations. 

In Figure 2a we compare different gene sets. In Fig- 
ure 2b we focus mainly on the variation in enrichments 
when all the comparisons are restricted to the set of 181 
genes (Gp^* n G mR NA = Gpro,) common to all data sets. 
Thus, the differences between the populations now only 
reflect the effects of differential transcription of certain 
genes and differential translation of certain transcripts. 
We find here an enrichment specifically of cysteine in the 
translatome in relation to the transcriptome. 

To measure the statistical significance of the results on 
amino acid enrichment, we have performed a control anal- 
ysis on a randomized data set (Figure 2d). We randomly 
permutated the expression values of the ORFs 1000 times 
and then recomputed the enrichments. This allowed us to 
compute distributions for the amino acid enrichments and, 
from integrating these, one-sided p- values indicating the 
■ significance of the observed enrichments. 

Amino acid enrichment in Transposon data set. We 
also tried to extend our methodology, ineffectively, to. 
cope with the semi-quantitative Transposon set. We used 
only those 450 ORFs that consistently yielded either no 
expression or high expression, as binary data, on or off. We 
show the enrichments of amino acids computed from this 
filtered Transposon abundance set in Figure 2a. Overall, 
the enrichments from this set seemed to be attenuated in 
comparison to other data. 

Biomass enrichment. A corollary to amino acid enrich- 
ments is the determination of the average biomass of the 
transcriptome and translatome populations (shown .in Fig- 
ure 2c). We found that the average molecular weight of 
a protein in both populations was, on average, lower than 
in the genome population. These preliminary observations 
suggest a cell preference to use less energetically expen- 
sive proteins for those that are highly transcribed or trans- 
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Fig. 2. Amino acid and biomass enrichment, (a) Shows the amino acid enrichments between different populations as indicated by the legend 
to the right of the plot (the legend is ordered in the same way as the schematic illustration in Figure I). The bars indicate the enrichment of the 
Iranscriptome relative to the genome, whereas the circles indicate the enrichment of the translatome relative to the genome. In addition, we 
also show the enrichment for protein abundance from the Transposon abundance set, represented, by the circles with the line through them, 
(b) Shows a different view of amino acid enrichment from that contained in (a), now focusing on changes, and thus restricting the comparison 
to the genes common to all the data sets. The graph is ordered according to the enrichment from Iranscriptome to translatome (black squares) 
We focus here only on the changes for the abundance gene set (Gp,oi) lo exclude the effects that arise from looking at different subsets. In this 
view the enrichments from genome to Iranscriptome (while squares) and from genome to translatome (white diamonds) look more similar 
than do the analogous sets in (a). To make comparison with (a) easier we again show the enrichment from genome to the Iranscriptome for 
Ihe complete gene set (G Ge n. shown in bars), (c) Shows biomass enrichment. The left panel depicts the average molecular weight per ORF 
(m units of kDa) and Ihe right panel, Ihe average molecular weight per amino acid (in units of Daltons) in each of the three stages of gene 
expression. The numbers inside the circles indicate the average molecular weights. The values next lo the arrows indicate Ihe enrichments 
•in biomass Between different populations. Both the circle diameters and the arrow widths are functions of Ihe corresponding values (the 
hollow arrow indicates a positive value). It is very clear thai the average molecular weight per ORF is much lower in the translatome (by 20 
or 15%) and Iranscriptome (by 29%) than in the genome. This relative depletion of biomass mainly takes place as a result of transcription; the 
effect of translation is less clear, depending on the populaiions compared. On the other hand, the depletion in the average molecular weight 
per amino acid (-3.3% from genome lo translatome) is an order of magnitude smaller than in the average weight per ORF. This shows' 
that the yeast cell favors the expression of shorter ORFs over longer ones, and agrees with our earlier observation that there is a negative 
correlation between maximum ORF length and mRNA expression (Jansen and Gerslein, 2000); it seems that this effect mainly takes place 
during transcription rather than translation, (d) This plot shows thai Ihe amino acid enrichments axe statistically significant. We have assessed 
significance by randomly permuting the expression levels among Ihe genes and Ihen recomputing the amino acid enrichments. This procedure 
can be repealed and used to generate disiributions of random enrichments thai can then be compared against the observed enrichments In 
Ihe plot the gray bars represent ihe observed enrichments already shown in Figure 3a. On top of .he gray bars we show standard boxplots 
of enrichment dislnbul.ons based on 1000 random permutations, (the middle line represents the dislribution median. The upper and lower 
s.des of the box coincide w.ih the upper and lower quaniles. Outliers are shown as dots and defined as data points that are outside .he range 
of the whiskers, .he length of which is 1.5 .he inlerquartile disiance.) Based on the random distributions, we can compute one-sided p- values 
for the observed enrichments. Amino acids for which Ihe p- values are less than I0~ 3 are shown in bold font 



lated. However, we also found thai ihe average molecu- 
lar weight per amino acid differed much less.belween Ihe 
iranscriptome and the translatome on the one hand, and the 



genome on the other hand (though il was still slightly less). 
This finding indicates that lower molecular weights in the 
Iranslalome and Iranscriptome relative to the genome are 
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predominantly due to greater expression of shorter pro- 
teins rather than the incorporation of smaller amino acids. 

Secondary, structure composition. We also used our 
methodology to study the enrichment of secondary- 
Structural features. Secondary structural annotation was 
derived from structure prediction applied uniformly to all 
the ORFs in the yeast genome as described in Table 1. 
As shown in Figure 3a, all three populations^-genome, 
Iranscriptome, . and translatome — had a fairly similar 
composition of secondary structures — sheets, helices, and 
coils. The differences between populations were marginal 
and based only on the small subset of genes. 

We also found that Transmembrane (TM) proteins 
were significantly depleted in the iranscriptome (see 
website and caption). These results are consistent with 
our previous analyses (Jansen and Gerstein, 2000): The 
protein abundance data does not have any membrane 
proteins. 

Subcellular localization. Figure 3c shows the enrich- 
ment of proteins associated with the various subcellular 
compartments. For clarity, we divided the cell into five 
distinct subcellular compartments, (see Table I). We 
found that, in comparison to the genome, both the tran- 
scriptome and translatome are enriched in cytoplasmic 
proteins. This is true whether we make our comparisons in 



relation to the relatively large reference mRNA expression 
set or the smaller reference protein abundance set. As 
Figure 3c shows, the 2D gel experiments are clearly 
biased towards proteins from the cytoplasm. However, in 
the biased subset Gp ro , transcription and translation lead 
to an even higher fraction of cytoplasmic proteins in the 
translatome. 

Functional categories. Finally, we compared the enrich- 
ment of various functional categories in both the trans- 
latome and the Iranscriptome (see Figure 3b). This gives 
us a broad yet informative view of the cell as a whole. As 
described in Table 1, we used the top-level of the MIPS 
scheme for the functional category definitions. We found 
broad differences between the various populations, with 
some of the functional categories showing strikingly high 
enrichments. 

DISCUSSION AND CONCLUSION 

We developed: (i) a methodology for integrating many dif- 
ferent types of gene expression and protein abundance into 
a common framework and applied this to a preliminary 
analysis; (ii) a procedure for scaling and merging different 
mRNA and protein sets together: and (iii) an approach for 
computing the enrichment of various proteomic features in 
the population of transcripts and proteins. We showed that 
by analyzing broad categories instead of individual noisy 
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Fig. 3. Breakdown of the transcriptome and translatome in terms of broad categories relating to structure, localization, and function. All 
of the subfigures are analogous to the schematic illustration in Figure 1. (a). Represents the composition of secondary structure in the 
different populations, (b) Represents the distribution of subcellular localizations associated with proteins in the various populations. We used 
standardized localizations developed earlier (Drawid and Gerstein, 2000), which, in turn, were derived from the MIPS, YPD, and SwissProt 
databases (Bairoch and Apweiler, 2000; Coslanzo el al, 2000; Mewes el al, 2000). The subcellular localization has been experimentally 
determined for less than half of the yeast proteins, so our analysis applies only to this subset, (c) Shows the division of ORFs into different 
functional categories (according to the MIPS classification) in the various populations. Only the largest functional categories of the top level 
of the MIPS classification are shown. The gioup 'other' contains the smaller top-level categories lumped logcther. This 'other' group is 
different from the group 'unclassified,' which contains genes without any functional description. 



data points, we could find logical trends in the underlying 
data. For example, individual transcription factors might 
have higher or lower protein abundance than one expects 
from their mRNA expression, but the category "transcrip- 
tion factors' as a whole has a similar representation in the 
transcriptome and translatome. 

We found, as previously described (Futcher ei al, 1999; 
Gygi ei al, 1999b; Greenbaum et ai, 2001), a weak 
correlation between individual measurements of mRNA 



and protein abundance. The outliers of this correlation 
tend to be associated with cellular organization. One 
might conceive of using these outliers (i.e. those with 
significantly different transcriptional and translnlion.il 
behaN-ior) to find consensus regulatory sequences. One 
possible method would involve using predicted niRNA 
structures (Jaeger el al, 1990; Zuker, 2000) to find and 
investigate consensus structural elements in these outliers 
lo which the yeasl translational machinery is known to be 
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Table 1. Date sets 



Description 



Size lORFs) 



Reference 



mRNA expression 
Young 

Church 

Samson 

SAGE 

Reference expression 

Protein abundance 
2-DE#l 

2-DE#2 
Transposon - 

Reference abundance 

Annotation 

Annotated localization 

TM segments 

MIPS functions 

GOR secondary structure 



Gene chip profiles yeast cells with • 
mutations that affect transcription 

Gene chip profiles of yeast cells 
under four different conditions 

Comparing gene chip profiles for 
yeast cells subjected to alkylating agent 
Yeast cells during vegetative growth 

Scaling and integrating the mRNA 
expression set into one data source 



■ Measurement of yeast protein 
abundance by 2D gel 
electrophoresis and mass spectrometry 

Similar to 2-DEset#l 

Large-scale fusions of yeast genes 
with lacZ by transposon insertion 

Scaling and integrating the 2-DE 
data sets into one data source 



Subcellular localizations of yeast 
proteins 

Predicted TM and 
soluble proteins in yeast 

Functional categories for yeast 
ORFs 

Predicted secondary structure 
yeast ORFs 



5455 

6263 

6090 

3778 
6249 



71 
1410 

181 



2133 
(6280) 

2710 
(6280) 

3519 
(6194) 

6280 



HolstegeeidL(1998) 
Roth ft at (1998) 
Jelinsky and Samson (1999) 
Velculescu»al(1997) 

GygieroI(1999a» 

Futcbere/o/.(1999) 
Ross-Macdonald etat.{\ 999) 



Drawid and Gerstein (2000) 
Gerstein (1998a,b,c) 
Mewese/c/.(2000) 
Gerstein ( 1 998a,b,c) 



This table provides an overview of the data sets used in our analysis. The table is divided into three sections. The top section lists different mRNA expression 
sets. The middle section shows the protein abundance data sets used. The bottom section contains different annotations of protein features. The column 'Data 
set' lists a shorthand reference to each data set used throughout this paper. The next columns contain a brief description of the data sets, the number of ORFs 
contained in each of (hem, and the literature reference. In contrast to the other data we investigated, the reference expression and abundance data sets have 
been calculated for the purpose of our analysis (see text). An expanded version of the table is available on our web site. 
Some further information on the genome annotations: 

Localization. Protein localization information from YPD, MIPS and SwissProt were merged, filtered and standardized (Bairoch and Apweiler, 2000; 
Costanzo et al, 2000; Mewes et ai, 2000) into five simplified compartments — cytoplasm, nucleus, membrane, extracellular (including proteins in ER and 
golgi), and mitochondrial — according to ihe protocol in Drawid et al. (2000). This yielded a standardized annotation of protein subcellular localization for 
2 1 33 out of 6280 ORFs.' 

TM segments. In 2710 oui of 6280 yeast ORFs TM segments are predicted to occur, ranging from low to high confidence (732 ORFs). The TM prediction was 
performed as follows: the values from the scale for amino acids in a window of size 20 (the typical size of a TM helix) were averaged and then compared 
against a cutoff of — I kcal mol~ 1 . A value under this cutoff was taken to indicate the existence of a TM helix. Initial hydrophobic stretches corresponding to 
signal sequences for membrane insertion were excluded. (These have the pattern of a charged residue within the first seven, followed by a stretch of 14 with 
an average hydiophobiciry under the cutoff.) These parameters have been used, tested, and refined on surveys of membrane protein in genomes. "Sure' 
membrane proteins had ai least two TM-segments with an average hydrophobicity less than —2 kcal moP ' (Rosi et al, 1995; Gerstein et al., 2000; Santoni 
et at., 2000; Senes et al., 2000). , 

Functions. MIPS functional categories have been assigned to 3519 out of 6194 ORFs. (The remainder are assigned to category "98" or -99,' which 
corresponds to unclassified function.) 



sensitive (McCarthy, 1998). 

In relation to functional categories, we found three 
trends that were particularly notable: (i) the 'cellular 



organization/ 'protein synthesis/ and 'energy production' 
categories were increasingly enriched as we moved from 
genome to transcriptome to transJatome. In the transcrip- 
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tome and trans latome population relative to the genome; 

(ii) proteins with 'unclassified function' are significantly 
depleted, perhaps reflecting a bias against studying them; 

(iii) proteins in the 'transcription' and 'cell growth, cell 
division, and DNA synthesis' categories were consistently 

. depleted. This reflects the fact that many of these proteins, 
such as transcription factors, act as 'switches' such that 
only small quantities of the protein are necessary to 
activate or deactivate a process. These results concur with 
previous calculations (Jansen and Gerstein, 2000) wherein 
we found the transcriptome is enriched specifically with 
proteins involved in protein synthesis and energy. 

Limitations given the small size of the protein 
abundance data 

Even with the extended coverage made possible by 
merging many data sets together into reference sets, the 
analysis is still limited by the minimal data. This was 
most applicable to the protein abundance measurements, 
potentially biasing our statistical results towards certain 
protein' families. Moreover, the 181 proteins in Gp m , do 
not represent a random sample. They are skewed towards 
highly expressed, well-studied proteins. Our methodology 
attempts to control for this gene-selection bias through 
our enrichment formalism, which allows one to rather 
precisely gauge various aspects of the bias. Conversely, 
many protein features in both the translatome and the . 
transcriptome are dominated by highly expressed proteins. 
Under these circumstances, it is often sufficient to look at 
this smaller number of dominating proteins to characterize 
the whole population. This is similar to the development of. 
the codon adaptation index for yeast (Sharp and Li, 1 987). 
While based on only 24 highly expressed proteins, it has 
proven to be robust in predicting expression levels for the 
entire genome. 

We believe that the essential formalism and approach 
that we develop will remain quite relevant for future data 
sets (Smith, 2000). 
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ABSTRACT 

Purpose: To determine the expression of three targets of 
5-fluorouracil (5-FU) and 5-fluoro-2'-deoxyuridine (FdUrd) 
in human tumor cell lines and to compare these with the 
50% growth inhibition concentrations (GI^,) from the Na- 
tional Cancer Institute database. 

Experimental Design: Thymidine kinase (TK) activity 
was assessed by conversion of [ 3 H]thymidine to [ 3 H]TMP. 
Thymidylate synthase (TS) protein expression was deter- 
mined by Western analysis. TS and dihydropyrimidine de- 
hydrogenase (DPD) mRNA expression were measured by 
quantitative reverse transcription-PCR. 

Results: The median (range) for the targets were as 
follows: 5-FU GI 5o ,20.8 p-iw (0.8-536); FdUrd GI S0 , 0.75 |am 
(0.25-237); TK, 0.93 nmol/min/mg (0.16-5.7); in arbitrary 
units: TS protein, 0.41 (0.05-2.95); TS mRNA, 1.05 (0.12- 
6.41); and DPD mRNA, 1.09 (0.00-24.4). A moderately 
strong correlation was noted between 5-FU and FdUrd 
Glgffi (r = 0.60), whereas a weak-moderate correlation was 
seen between TS mRNA and protein expression (r = 0.45). 
Neither TS expression nor TK activity correlated with 5-FU 
or FdUrd GI^, whereas lines with lower DPD expression 
tended to be more sensitive to 5-FU. Cell lines with faster 
doubling times and wild-type p53 were significantly more 
sensitive to 5-FU and FdUrd. 



Conclusions: The lack of correlation may in part be 
attributable to the influence of downstream factors such as 
p53, the observation that the more sensitive cell lines with 
faster doubling times also had higher TS levels, and the 
standard procedure of the screen that uses a relatively short 
(48-h) drug exposure. 

INTRODUCTION 

The NCI 2 has established a panel consisting of 60 human 
cancer cell lines to serve as a screen for drug discovery (1-5). 
The panel represents nine histologies including leukemia, mel- 
anoma, and carcinomas arising in the lung, colon, CNS, ovary, 
kidney, prostate, and breast. Growth inhibition for a particular 
compound is summarized by the 50% growth inhibition con- 
centration for the cell line panel. A mean graph can be generated 
both with and without log transformation; the relative sensitivity 
of each cell line is then compared with the mean for the entire 
cell panel (6-7). The COMPARE algorithm analyzes these 
activity patterns by searching among the database of tested 
compounds for similar profiles for activity, whereas the DIS- 
COVERY software program uses additional analytical tools. 
Comparison of the "fingerprint" for drug sensitivity among 
investigational agents with those of drugs with established 
mechanisms of action can provide insight into potential cross- 
resistance between analogues and to assign unknown com- 
pounds into classes of anticancer agents with different mecha- 
nisms of action (8-1 1). These cell lines are currently 
undergoing biochemical and molecular characterization to elu- 
cidate the basis for differential chemosensitivity responses. It is 
hoped that matching the pattern of mRNA or protein expression 
with sensitivity to investigational agents may also assist in 
identifying novel agents that selectively target a particular phe- 
notype (12, 13). 

The antimetabolite 5-FU has clinically useful activity 
against a variety of human epithelial malignancies, and its 
deoxyribonucleoside metabolite, FdUrd, is primarily used for 
regional delivery to treat hepatic metastasis (14). The objectives 
of this study were to measure several key determinants of 
sensitivity to fluoropyrimidines and to compare either protein or 
mRNA expression with the growth-inhibitory activity of 5-FU 
and FdUrd in the NCI database. The targets selected included 
TS, TK, and DPD. TS governs the de novo synthesis of TMP 
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1000 TK, TS, and DPD Profiles of NCI Drug Screen 



Table I Summary of target expression 



Histology/Cell line 


5-FU GI 50 
(u.m) 


FdUrd GI 50 
(u.m) 


TK activity 
(nmol/min/mg) 


Relative TS protein 


Relative TS mRNA 


Relative DPD 


Leukemia 














CCRF 


29.79 


0.41 


1.71 


1.77 


3.01 


2.06 


HL-60 


15.49 


0.49 


0.76 


2.95 






K 562 


16.87 


0.77 


5.70 


0.49 


3.07 


0.00 


MOLT 4 


13.74 


0.36 


0.19 


2.76 


6.41 


8.03 


RPMI 8226 


5.74 


1.95 


4.90 


0.42 


1.13 


0.42 


SR 


8.99 


0.37 


2.76 


1.40 


0.44 


3.44 


NSCL 














A549 


2.09 


0.33 


1.56 


0.47 






EKVX 


535.80 


236.59 


0.32 


0.27 


0.90 


1.77 


HOP 62 


1 1.99 


0.34 


0.35 


0.41 


1.07 


2.33 


HOP 92 


49.66 


0.95 


0.28 


0.10 


0.15 


1.94 


NCI H226 


272.27 


13.65 


0.66 


0.88 






NCI H23 


1 1.27 


0.33 


0.49 


0.43 


2.73 


0.04 


H322 M 


31.92 


1.54 






1.05 


1.31 


NCI 460 


1.05 


0.30 


0.28 


0.41 


0.88 


0.18 


NCI H522 


36.22 


0.64 


1.05 




1.20 


6.83 


Colon 














COLO 205 


6.89 


1.19 


1.20 


0.1 1 


1.00 


0.003 


HCC 2998 


1.21 


0.29 


0.16 


0.31 


1.04 


0.006 


HCT116 


3.99 


0.29 


2.79 


1.65 


2.21 


0.42 


HCT 15 


6.32 


3.46 


1.44 


1.18 


1.46 


0.65 


HT 29 


6.01 


0.75 


0.89 


0.17 


1.43 


0.25 


KM 12 


1 1.64 


17.14 


2.73 


0.28 


0.53 


0.27 


SW 620 


22.54 


23.39 


1.24 


1.17 


0.85 


0.007 


CNS 














SF 268 


52.24 


0.36 


1.49 




0.70 


24.37 


SF 295 


51.40 


0.31 


1.12 


0.85 


0.76 


0.46 


SF 539 


0.82 


0.31 


0.55 


0.10 


0.43 


1.82 


SNB 19 


121.90 


1.08 


0.50 


0.19 


0.12 


8.58 


SNB 75 


163.31 


0.99 




0.75 


0.38 


0.37 


U 251 


42.66 


0.45 


0.81 


0.71 


1.04 


3.38 


Melanoma 














LOX IMV1 


5.83 


0.29 


0.42 


0.27 


1.08 


4.21 


MALME 3M 


20.75 


35.00 


0.62 


0.36 


1.86 


0.008 


M14 


'31.84 


0.35 


1.61 


0.83 


1.74 


0.72 


SK MEL-2 


359.75 


1 15.35 


0.72 


0.40 


2.90 


1.72 


SK MEL-28 


27.29 


3.18 


0.31 


0.40 


1.37 


0.04 


SK MEL-5 


10.81 


0.30 


1.31 


0.28 


1.79 


0.01 


UACC257 


98.17 


1.79 


0.81 


0.79 


0.47 


0.000 


UACC 62 


10.47 


0.28 


0.56 


0.74 


4.94 


1.55 


Ovary 














IGROV 1 


16.75 


19.23 


0.55 


0.92 


1.18 


0.63 


OVCAR 3 


28.91 


1.27 


1.00 


0.17 


0.79 


0.28 


OVCAR 4 


62.52 


28.71 


1.53 


0.33 


0.81 


0.17 


OVCAR 5 


118.30 


103.04 


0.70 


0.16 


1.37 


2.54 


OVCAR 8 


16.98 


0.30 


1.41 


0.54 


1.01 


1.03 


SK OV-3 


125.31 


20.84 


0.37 


0.29 


2.02 


7.61 


Renal 














786-0 


12.88 


0.37 


0.97 


2.1 1 


0.77 


0.32 


A 498 


6.18 


0.72 


0.32 


0.05 


0.23 


0.32 


ACHN 


10.02 


0.33 


0.40 


0.09 


1.14 


0.90 


CAKI 1 


5.20 


0.53 


4.94 


0.84 


1.13 


1.63 


RXF 393 


54.95 


2.16 


1.53 


0.30 


1.49 


2.68 


SN12 C 


24.10 


0.30 


1.27 


0.41 


0.59 


1.55 


TK-10 


244.91 


5.05 


1.40 


1.55 


0.65 


1.21 


UO-31 


6.68 


0.58 


0.57 


0.29 


0.60 


1.62 


Prostate 














PC 3 


39.63 


0.58 


1.70 


0.29 


1.79 


1.15 


DU145 


5.82 


0.42 




0.35 






Breast 














MCF7 


1.67 


0.29 










MCF7/ADR-RES 


50.23 


0.76 






0.84 


1.61 


MDA-MB-231 


322.11 


22.39 




0.42 






HS 578T 


207.97 


4.12 


0.42 


0.21 






MDA MB-435 


9.91 


2.12 


2.45 


1.32 


. 1.64 


1.25 


MDA-N 


7.76 


1.29 


2.39 


1.23 






BT-549 


84.33 


1.81 


0.34 


0.44 
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Table I 


Continued 








5-FU Gl 50 


FdUrd GI 50 


TK activity 








Histology/Cell line 


(H.M) 


(|J.M) 


(nmol/min/mg) 


Relative TS protein 


Relative TS mRNA 


Relative DPD mRNA 


T-47D 


46.24 


25.12 


2.86 


0.25 






SK-BR3 


1.74 


1.74 










MDA-MB-468 


30.34 


0.25 










MAX401 


77.98 


11.09 










Median 


20.75 


0.75 


0.93 


0.41 


1.05 


4.65 


Minimum 


0.82 


0.25 


0.16 


0.05 


0.12 


0.00 


Maximum 


535.80 


236.59 


5.95 


2.95 


6.41 


101.76 



(thymidylate) from dUMP. In the presence of 5,10-methy- 
lenetetrahydrofolate, FdUMP forms a slowly reversible covalent 
complex with TS. TS inhibition leads to both depletion of TTP, 
which is necessary for DNA synthesis and repair, and accumu- 
lation of dUMP. Both FdUMP and dUMP can be anabolized to 
the triphosphate forms and then become incorporated into DNA. 
These "incorrect" residues are recognized and removed from 
DNA through the action of the uracil base excision repair 
complex. Uracil DNA glycosylase removes the fraudulent 
nucleobase, followed by excision of the base-free sugar phos- 
phate residue by an AP endonuclease, thus creating a single 
strand break. TS inhibition is accompanied by elevation of 
dATP pools, thus accentuating the deoxynucleotide imbalance. 
Depending on the severity of the genotoxic stress, apoptosis 
pathways may be induced. TK converts FdUrd to FdUMP. DPD 
inactivates 5-FU by catalyzing its conversion to dihydrofluorou- 
racil. The rationale for selecting these particular molecular tar- 
gets is based on evidence that increased expression of TS and 
DPD is associated with insensitivity to 5-FU in both preclinical 
and clinical studies, whereas decreased expression of TK leads 
to insensitivity to FdUrd (15-30). 

MATERIALS AND METHODS 

Frozen cell pellets were provided by the cell culture facility 
at the Frederick Cancer Research Facility, Division of Cancer 
Treatment and Diagnosis, NCI for the current studies. Separate 
batches were supplied for the protein assays and the mRNA 
assays. [ 3 H]Thymidine (25 Ci/mmol) was obtained from 
Moravek Biochemicals (Brea, CA). Unless otherwise stated, 
chemicals were obtained from Sigma Chemical Co. (St. Louis, 
MO). 

Drug Sensitivity Testing. The standard operating proce- 
dures used for drug sensitivity testing in the NCI cell line screen 
have been described previously (1). The cell culture medium is 
prepared by adding 25 ml of FBS and 5 ml of 100 itim glutamine 
to 500 ml of RPMI 1640. The cells are grown at 37°C in a 
humidified atmosphere with 5% C0 2 . Cell lines are dispersed 
into a series of 96-well microliter plates; the inoculation densi- 
ties vary, depending on the growth characteristics of each par- 
ticular cell line. The cells are incubated for 24 h in the absence 
of drug, and then serial 10-fold dilutions of drug are added. 
After a 48-h incubation, the protein content is determined by 
sulforhodamine B staining. The percentage growth inhibition is 
determined by the following equation: 100 X (7 - TJC - T„), 
where T 0 is the absorbance of the wells at time zero prior to 
adding drugs, T is absorbance of the test wells after 48 h of drug 



exposure, and C is the absorbance of control wells after 48 h 
incubation. The Gl 50 s in the Developmental Therapeutics Pro- 
gram database represent a median of 656 separate experiments 
(range, 7-687) for 5-FU and a median of 109 separate experi- 
ments (range, 1-123) for FdUrd. 

Measurement of TK Activity. TK activity was deter- 
mined by measuring the rate of conversion of radiolabeled 
thymidine to thymidine nucleotides (31). The frozen cell pellets 
were brought up in a solution containing 50 itim Tris (pH 7.4), 
1 mM EDTA (pH 7.4), 10% glycerol, and 5 mM B-mercaptoeth- 
anol, and a cellular lysate was prepared by sonication on ice. An 
aliquot of the lysate containing 200-300 u,g of protein was 
incubated in a 1.5-ml microcentrifuge tube that contained the 
following (final concentrations): 0.1 mM thymidine, 220,000 
dpm [ 3 H]thymidine, 10 mM ATP, 50 mM Tris-HCl (pH 8.0), 5 
mM MgCl 2 , and 10 mM sodium fluoride. The samples were 
incubated in a shaking water bath at 37°C for 15 min. The 
reaction was stopped by placing the tubes in boiling water for 1 
min. A aliquot of the sample (50 pj) was spotted on each of two 
25-mm Whatman DE81 filters labeled in pencil with a sample 
identifier. After drying, the discs were washed three times with 
distilled water, and then each was then placed in a scintillation 
vial, following which I ml 0.2 n HC1/0.4 m KC1 was added. The 
vials were gently agitated for 15 min on an orbital shaker, and 
then scintillation fluid was added; radioactivity was determined 
in a liquid scintillation counter. The activity was calculated by 
the following equation: [(dpm in sample — background dpm) 
total dpm] X (20 nmol) h- (mg protein X min incubated). The 
amount of protein in the cellular lysate was determined by the 
Bio-Rad protein dye (Hercules, CA) using a standard curve of 
BSA, fraction V. 

Determination of TS Protein Content. TS protein con- 
tent was determined by semiquantitative Western blot analysis 
as described previously (32). Equal amounts of protein from a 
cellular lysate were loaded onto a 12.5% polyacrylamide gel. 
TS106 monoclonal antibody was the primary antibody, and 
horseradish peroxidase goat antimouse IgG was the secondary 
antibody. The antigen/antibody complexes were visualized us- 
ing the Enhanced Chemiluminescence kit (ECL Amersham, 
Evanston, IL). Each gel included a reference cell line (NCI- 
H630 colon cancer cells) to permit assessment of relative pro- 
tein content across gels. The blots were stripped and reprobed 
with antibody to a-tubulin to correct for possible differences in 
protein loading. 
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mRNA Extraction, cDNA Synthesis, and PCR Quanti- 
tation of TS and DPD mRNA. mRNA was isolated using the 
QuickPrep micro-mRNA isolation kit (Amersham Pharmacia Bio- 
tech, Inc., Piscataway, NJ) according to the manufacturer's instruc- 
tions. The mRNA was immediately reverse transcribed using ran- 
dom hexamers as described previously (33). Real-time quantitative 
PCR amplification was performed using specific target, doubly 
labeled fluorogenic probes with the ABI Prism 7700 Sequence 
Detection System (PE Applied Biosystems, Foster City, CA). 
Primers and probes were selected with Primer Express software 
version 1 .0 (PE Applied Biosystems). The specificity of the chosen 
sequences was confirmed by conducting BlastN searches (Gen- 
Bank). The expression of the B-acft'/i gene was used as an internal 
standard. The TaqMan probes were labeled with 6-carboxy-fluo- 
rescein (5'-end) and 6-carboxy-tetramethylrhodamine (3'-end). 
The sequences were as follows: TS, forward primer (p763) = 
GGCCTCGGTGTGCCTTT, reverse primer (p 825) = GATGT- 
GCGCAATCATGTACGT, and TaqMan probe (p 781), 
AACATCGCCAGCTACGCCCTGC; DPD, forward primer (p 
70) = TCACTGGCAGACTCGAGACTGT, reverse primer 
(p 201) = TGGCCGAAGTGGAACACA, and TaqMan Probe (p 
108) = CCGCCGAGTCCTTACTGAGCACAGG; and B-actin, 
forward primer (p 592) = TGAGCGCGGCTACAGCTT, reverse 
primer (p 651) = TCCTTAATGTCACGCACGATTT, and Taq- 
Man probe (p 61 1) = ACCACCACGGCCGAGCGG. 

Serial dilutions of the cDNA were prepared. During the 
PCR reaction, the reporter signal is normalized to an internal 
passive reference dye (ROX) to correct for any non-PCR-related 
fluctuations in fluorescence signal. The cycle number at which 
the normalized fluorescent signal exceeds the threshold (C T ) is 
inversely proportional to the log of the quantity of input cDNA 
(set at 10 times the background fluorescence). Each 96- well 
plate contained a control cDNA sample to allow correction for 
plate-to-plate variability. By assigning relative mRNA values to 
wells containing the calibrator, the C T for each well is converted 
to a quantity of mRNA. A graph was constructed with input 
cDNA on the X axis and mRNA quantity on the Y axis. Relative 
mRNA expression was determined by dividing the slope of the 
regression line for the target of interest by the slope of the 
regression line for (3-actin. TS mRNA was normalized to NCI- 
H630 cells, and DPD mRNA was normalized to SK-1 , a human 
hepatocellular line. 

Measurement of Thymidine Levels in FBS. Because 
the standard operating procedure of the NCI cell line screen 
uses 5% FBS that is nondialyzed, the thymidine concentra- 
tion was measured. The cell line screen currently is using 
FBS from BioWhittaker (Lot 0So83F); prior to that, FBS 
from Life Technologies, Inc. (Lot 100863) was used. A 
standard curve was constructed using dialyzed FBS; 1-ml 
aliquots of dialyzed FBS were spiked with thymidine ranging 
from 0.2 to 50 nmol, and each sample was spiked with 50 
nmol FdUrd (the internal standard). Four 1-ml aliquots of the 
current lot of FBS from BioWhittaker and from a random lot 
of FBS from Life Technologies, Inc. were spiked with 50 
nmol of FdUrd only. Glacial acetic acid, 50 was added to 
decrease protein binding of the nucleosides. The samples 
were vortex mixed and then deproteinized with 2 ml of 
acetonitrile. After centrifugation (2000 X g for 20 min at 
4°C), the supernatant was collected and concentrated to dry- 



ness under a stream of filtered, compressed air. The samples 
were resuspended in 500 u.1 of water and filtered through a 
0.2 u.m syringe filter; 200 jjlI from each sample were placed 
in a autosampler vial. The samples were analyzed by re- 
versed-phase HPLC using a 4.6 X 250 mm Aqua column 
(Phenomenex, Torres, CA). The mobile phase was 1% glacial 
acetic acid/1.4% acetonitrile run at 1 ml/min for 40 min; the 
column was washed with 70% acetonitrile for 2 min and 
equilibrated at initial conditions for 6 min prior to the next 
run. FdUrd and thymidine were monitored at 268 nm, and the 
retention times were 16.17 ± 0.43 min and 28.53 ± 0.72 min 
(mean ± SD), respectively. A standard curve was constructed 
by plotting the total nmol thymidine per ml versus the ratio of 
the areas of thymidine/FdUrd. The recovery of the nucleo- 
sides was determined by comparison with a standard curve 
prepared in water that was not subjected to the extraction 
procedure. The recovery of FdUrd and thymidine were 
88.5 ±4.1% and 88.0 ± 10.6%, respectively. The within-run 
coefficients of variation averaged 12.8 ± 0.92%, and the 
between-run coefficients of variation were 2.22 ± 1.25%. 
Quality control samples included with each HPLC run were 
within 1.3% of the predicted value. 

Statistical and Graphical Analysis. Graphical analysis 
was performed with SigmaPlot 2000 for Windows (SPSS, Inc., 
•Chicago, IL), and statistical analysis was performed with Sig- 
maStat for Windows version 2.03 (SPSS, Inc.). The strength of 
linear association between pairs of variables was determined by 
the Pearson product moment correlation coefficient: r = 0.70, 
strong correlation; 0.5 < r < 0.7, moderately strong correlation; 
and r = 0.3-0.5, weak to moderate correlation. The Wilcoxon 
rank sum test was used to test whether values of continuous 
variables differed between groups separated into two subsets 
with respect to values falling above or below the median for the 
group. 

RESULTS 

Sensitivity to 5-FU and FdUrd by Histological Groups. 

The parameters of interest by individual cell line are shown in 
Table 1 , whereas the median values for each histological group 
are presented in Table 2. Mean graph representations for log- 
transformed target data and GI so s are shown in Fig. 1 . A striking 
degree of variability was seen for the GI 50 s for a 48-h drug 
exposure to 5-FU (653-fold) and FdUrd (946-fold). Overall, the 
colon cancer panel was the most sensitive to 5-FU, whereas the 
CNS, ovary, and breast cancer panels had median GI 50 s >45 
u.m. Five of the nine histological panels had a median FdUrd 
GI 50 <1 jam, whereas the ovarian panel was the least sensitive. 

FdUrd is predominantly metabolized to FdUMP and is a 
more selective inhibitor of TS. 5-FU can be metabolized to both 
FdUMP and to FUTP; the subsequent incorporation of the latter 
into RNA interferes with normal RNA processing and function. 
Because the mechanism of action with 5-FU is broader than that 
of FdUrd, we compared the cytotoxicity of these two drugs. The 
GI 50 s for FdUrd were 34-fold lower than those of 5-FU (median, 
0.82 versus 20.75 p.M; P < 0.001, paired rank sum test). Be- 
cause of the wide range of GI J0 s, a comparison between 5-FU 
and FdUrd values was performed after log transformation. A 
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Table 2 Median values for each histological group 




GI 50 5-FU 


Gl 50 FdUrd 


TK activity 


TS protein vs. H630 


TS mRNA vs. H630 


DPD mRNA vs. SKI 


Histology 


(U.M) 


(u.m) 


(nmol/min/mg) 


(arbitrary units) 


(arbitrary units) 


(arbitrary units) 


Leukemia 


14.61 


0.45 


2.24 


1.58 


1.13 


2,06 


NSCL 


31.92 


0.64 


0.42 


0.42 


1.05 


1.77 


Colon 


6.32 


1.19 


1.24 


0.31 


1.05 


0.25 


CNS 


51.82 


0.41 


0.80 


0.71 


0.57 


2.60 


Melanoma 


24.02 


1.07 


0.67 


0.40 


1.77 


0.38 


Ovary 


45.71 


20.04 


0.85 


0.31 


1.10 


0.83 


Renal 


11.45 


0.56 


1.34 


0.36 


0.71 


1.38 


Prostate 


22.72 


0.50 


0.57 


0.32 


1.79 


1.15 


Breast 


46.24 . 


1.81 


2.39 


0.43 


1.24 


1.43 



moderately strong correlation was seen among 63 cell lines 
(Fig. 2). 

TK Activity. TK activity, determined in 54 cell lines, 
varied by 37-fold. The median values were highest in the breast 
cancer and leukemia panels. Although a correlation between TK 
activity and sensitivity to FdUrd was expected, no such relation 
was seen with either FdUrd or 5-FU (data not shown). 

TS Protein Content and mRNA Expression. TS pro- 
tein content varied 59-fold among the 55 cell lines tested. The 
leukemia panel had the highest median TS protein level, 
whereas the median values for the other histologies were simi- 
lar. TS mRNA expression varied by a similar magnitude (53- 
fold). Because TS expression is regulated at both the transcrip- 
tional and translational level, an important question is how 
closely the TS mRNA and protein levels match. A weak to 
moderate correlation was noted (Fig. 3). 

Although we expected that TS expression would influence 
sensitivity to 5}FU and FdUrd, no such correlation was seen 
(data not shown). If the data were sorted by TS protein content, 
no appreciable differences in the 5-FU GI 50 s were evident 
among the cell lines with TS protein below the median versus 
those with higher values (22.4 and 16.8 jam), or for FdUrd (1.02 
and 0.54 u,m). Similarly, the distribution of 5-FU and FdUrd 
GI 50 s overlapped in cell lines with lower versus higher TS 
mRNA expression: 5-FU, 24.1 versus 13.7 u,m; FdUrd, 0.58 
versus 0.75 u-M, respectively. 

DPD mRNA Expression. DPD expression showed a tre- 
mendous degree of variability. Two of the 50 cell lines tested 
(melanoma line UACC257 and leukemia line K562) had no 
detectable DPD mRNA expression. Five other lines (colon lines 
COLO 205, HCC 2998, SW620, and melanoma lines MALME . 
3M and SK MEL-5) had extremely low levels. Thus, the colon 
cancer and melanoma panels had the lowest median DPD val- 
ues, whereas the CNS panel had the highest value. When TS and 
DPD were normalized to 8-actin, on average, DPD mRNA 
expression was 42-fold lower than TS mRNA expression (data 
not shown). The cell lines with DPD values below the median 
tended to be more sensitive to 5-FU than the lines with higher 
DPD expression (12.9 versus 36.2 (xm), whereas sensitivity to 
FdUrd was not affected by DPD expression (0.77 versus 0.58 
(i.M, respectively; Fig. 4). 

Correlations with Cell Line Doubling Times. Because 
cytotoxicity is determined at hour 48 of drug exposure under the 
standard protocol for the NCI cell line screen, cellular doubling 
time is a potentially important variable in drug sensitivity. The 



doubling times of the cell line panel have been published pre- 
viously (34). The median time is 34 h and ranges from 18 to 
88 h. As might have been predicted, cell lines with faster 
doubling times (<median) were significantly more sensitive to 
both 5-FU (median GI 50 , 5.0-fold lower; Fig. 5A) and FdUrd 
(median GI 50 , 4.9-fold lower; Fig. 5fl). The rate of cellular 
proliferation is thought to influence expression of TS and TK. 
Cell lines with faster doubling times tended to have higher TK 
activities (median, 1.9-fold higher; Fig. 5C) and TS protein 
content (median, 1.5-fold higher; Fig. 5£>). 

Correlations with p53 Gene Mutation. Mutations in 
p53 tend to render cells less sensitive to the effects of DNA- 
damaging agents. Because TS inhibition is associated with in- 
duction of DNA strand breaks and interference with DNA 
repair, we evaluated whether p53 gene status influenced sensi- 
tivity to fluoropyrimidines. The p53 gene status is known in 59 
of the lines tested in the current study, and 68% have a mutation 
(34). Cell lines with wild-type p53 were significantly more 
sensitive to 5-FU (median GI 50 , 9.0 versus 29.4 jjlm; Fig. 6, top 
panel) and to FdUrd (median GI 50 , 0.36 versus 1.04 u,m; Fig. 6, 
bottom panel). 

Determination of Thymidine Levels in FBS. To esti- 
mate the extracellular thymidine concentrations under the stand- 
ard operating conditions of the NCI cell line screen, thymidine 
levels in two different lots of FBS from different suppliers used 
by the NCI cell line screen were determined. The concentrations 
in four replicate samples from each lot were 4.57 ± 0.28 jam and 
4.65 ± 0. 1 7 (jlm (mean ± SD). Because the amount of FBS was 
diluted to 4.7% of the total volume of the cell culture medium, 
the final thymidine concentration would therefore be ~0.22 ulm. 
In contrast, 10-20 u,m thymidine is typically required in in vitro 
models to protect against the toxicity of 5-fluoropyrimidines 
(35-37). 

DISCUSSION 

The present study was undertaken as part of an ongoing 
effort to characterize the molecular and biochemical profile of 
the cancer cell lines that comprise the NCI's drug screening 
panel. There was a surprising degree of variability in the GI 50 s 
for a 48-h exposure to both 5-FU and FdUrd in this model. The 
tolerated 5-FU dose when given by weekly 48-h continuous 
infusion is 1 750 mg/m 2 /24 h (38). When 5-FU is given as a 48-h 
infusion every 2 weeks with two consecutive daily doses of 500 
mg/m 2 leucovorin, the recommended 5-FU dose is 1500-2000 



1004 TK, TS, and DPD Profiles of NCI Drug Screen 



CCRF 
HI -60 
K5S2 
MOLT 4 
RPMJ822S 
SR 
A549 
EKVX 
HOP 62 
HOP 92 
NCIH226 
KCIH23 

NCIH460 

NCIH522 
COLO 205 
KCC2998 
HCT116 
MCT15 
HTM 
KM 12 
SW620 
SF268 
SF29S 
SF 539 
SNB 10 

U2S1 
LOX IMV1 
MALME3M 
M14 
SKMR2 
SKMEL28 
SKMEL5 
UACC2S7 
UACC 62 
IGROV 1 
OVCAR 3 
OVCAR 4 
QVCAR5 
OVCARB 
SKOV3 
788 0 
A 493 
ACHH 
CAKI1 
RXF393 
SN12C 
TK 10 
PC 3 
UOS1 



HS578T 
MDA-MB435 
MOAN 
BT 549 
T-47D 
MDA-MB468 



lower 



A) TK activity 



higher 



-0.8 -0.4 0.0 OA 

relative to mean (log 10 units) 



0.8 



lower 



C) TS mRNA Expression 



higher 



CCRF 
HL-S0 
KS62 
MOLT 4 
RPMI822S 
SR 



El 
HOI 
HOI 



NCIH23 
NCI H322M 

Namoo 

KCIH522 
COLO 205 
HCC2S9S 
HCT1I6 
HCT t5 
HT29 
KM 12 
SW620 
SF288 
SF2S5 
SF 539 
SNB 19 
SNB 75 
U2S1 
LOX IMV1 
MALME 3M 
M14 
SKMEL2 
SK MEL 28 
SK MEL 5 
UACC 257 
UACC62 
IGROV 1 
OVCAR 3 
OVCAR 4 
OVCAR 5 
OVCAR 8 
SKOV2. 
786 0 
A 498 
. ACHN 
CAKI 1 
RXF393 
SNI2C 
TK10 
PC3 
U0 31 



NCIfAOR-RES 
MDA-M8435 



-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.8 0.8 

relative to mean 



CCRF 
HL-60 
K562 
MOLT 4 
RPU1S226 
SR 
AS49 
EKVX 
HOP" 
HOP__ 
NCI H226 
NCIH23 



NCIH460 

COLO 205 
HCC 2998 
HCT116 
HCT 15 
HT29 
KM 12 
SW820 



SF2S5 
SF539 
SNB 19 
SNB 75 
U251 
LOXIMV1 
MALME 3M 
M14 
SK MEL 2 
SK MEL 28 
SK MEL 5 
UACC 257 
UACC 62 
IGROV i 
OVCAR 3 
OVCAR 4 
OVCAR 5 
OVCAR 8 
SK OV 3 
786 O 
A 498 
ACHN 
CAW 1 
RXF393 
SN12C 
TK 10 
PC 3 
U0 31 
OU145 



MDA4IB231 
HS 578T 
MOA-MS 43S 
MDAN 
BT549 
T-4)0 
MDA-MB486 



lower 



B) TS protein content 



higher 



lower 



D) DPD mRNA Expression 



EKVX 
HOP-62 
HOP-92 

NCI-H23 
NC1-H322M 
NCI-H460 
NCI-H522 
COLO 205 
HCC-2998 
HCT-116 
HCT-15 
HT29 
KM 12 
SW620 
SF-268 
SF-295 
SF-539 
SNB-19 
SNB-75 
U251 
LOXIMVI 
MALME-3M 
M14 
SK-MEL-2 
SK-MR-28 
SK-MB.-5 

UACC-62 
K3RCV1 

8VCAR-3 
VCAR-4 
OVCAR-5 
OVCAR-8 
SK-OV-3 
78&0 
A49S 
ACHN 
CAKM 
RXF39r 



393 
12C 



SN 
TK-10 
UO-31 
PC-3 



MCF7/AOP.-RES 
MOA-MB-435 



higher 



-0.4 0.0 0.4 

relative to mean 



-1.5 -1.0 -0.8 0.0 0.8 1.0 1.6 2.0 2.5 
Relative to Mean (Log 10 units) 



Fig. 1 Mean plot representations of the targets, 5-FU and FdUrd. The expression of each target was log transformed, and the mean was then 
calculated. To generate the mean plot, the mean value was subtracted from that of each individual cell line. A, TK activity. B, TS protein content. 
C, TS mRNA expression. O, DPD mRNA expression. £, 5-FU. F, FdUrd. 
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Fig. 1 Continued. 



mg/m 2 /24 h (39). The achievable 5-FU plasma levels with such 
doses is in the range of 5-7 lim (40-42). The 5-FU GI 50 was 
<I0 llm in only 30% of the cell lines. The cell lines were 
significantly more sensitive to FdUrd, and the GI 50 was < 1 llm 
in 57%. There is no published clinical experience with a 48-h 
continuous infusion of FdUrd to provide a reference for achiev- 
able plasma levels. 

No correlation was noted between TK activity and sensi- 
tivity to either FdUrd or 5-FU. Previous investigators have 
reported that the basis for insensitivity of cancer cell lines 
selected in vitro for resistance to FdUrd has been either deletion 
of TK, which would prevent activation of the drug, or deficiency 
in facilitated nucleoside transport, which would limit cellular 
permeation (26-30, 43-44). None of the cell lines in the panel 
have been subjected to such selection pressure, and TK activity 
was detectable in every cell line. The membrane-based facili- 
tated nucleoside transport system is complex and composed of 
at least eight distinct members. This latter target has not yet been 
characterized in the NCI cell line panel. However, cell lines 
deficient in nucleoside transport retain sensitivity to 5-FU, 
which uses a different facilitated transport system for pyrimi- 
dine and purine bases (43-45). 

TS protein and mRNA expression each varied by ~50-fold 
among the cell lines; there was a weak-moderate correlation 
between increasing TS mRNA expression and higher TS protein 



content. The correlation coefficient reflects the tightness of fit of 
the data points around the regression line, whereas the highly 
significant P indicates that the trend for TS mRNA and TS 
protein to increase in concert is not random. 

On the basis of prior studies suggesting that high TS 
expression is associated with insensitivity to 5-FU, we antici- 
pated seeing a correlation between either TS protein content 
and/or TS mRNA expression and GI 50 s in the present study. 
However, no such relationship was evident by either linear 
regression or when the values were stratified into two categories 
relative to the median values for the population. This lack of 
correlation may be attributable to a number of factors. The 
duration of drug exposure was only 48 h, whereas the median 
doubling time has been reported to be 34 h (34). Indeed, the cell 
lines with faster doubling times were five times more sensitive 
to 5-FU and FdUrd than lines with slower doubling times. 
Duration of exposure to these two 5-fluoropyrimidines is known 
to be a critical factor influencing cytotoxicity (14). The obser- 
vation that the cancer lines with the fastest doubling times had 
significantly higher TS protein content may account for why TS 
protein content did not correlate with sensitivity to 5-FU and 
FdUrd. 

The standard operating procedure of the NCI cell line 
screen specifies the use of nondialyzed FBS, which contains 
thymidine. The vendor of the FBS used by the NCI drug screen 
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Fig. 2 Correlation between GI 50 s for 5-FU and fluorodeoxyuridine. 
The 50% growth inhibitory concentrations (log transformation of the 
Gl 50 in molar units) after a 48-h drug exposure for 5-FU and FdUrd for 
63 cell lines are shown. The Pearson correlation coefficient and P are 
shown. The tendency for both Gl 50 s to increase in concert was highly 
significant. 




2 3 4 5 

Relative TS mRNA Expression 

Fig. 3 Relationship between TS mRNA expression and protein con- 
tent. Both TS protein content and TS mRNA expression were normal- 
ized versus NCI-H630 cells and thus have arbitrary units. The Pearson 
correlation coefficient and P are shown. TS protein content tended to 
increase in parallel with TS mRNA expression (n = 46), and P indicates 
that the slope was significantly different from zero. 



does not define the thymidine concentrations in their serum. 
Therefore, we measured the thymidine levels by an HPLC 
method. The concentration in two separate lots of FBS from two 
different suppliers used by the NCI cell line screening facility 
were about 4.6 jam. These results are consistent with the thymi- 
dine concentration in FBS in the component database of Hy- 
clone Laboratories (Logan, UT): 5.3 ± 2.9 u.m. 3 However, 
because the contribution of FBS to the total volume of the cell 
culture medium is <5%, the final concentration in the medium 




< median > median 

Relative DPO mRNA Expression 




3 Internet address: http://www.hyclone.com/comp_request/index.htm. 



< median > median 

Relative DPD mRNA Expression 

Fig. 4 GI 50 values stratified according to lower versus higher DPD 
mRNA expression. The 50 cell lines in which DPD mRNA expression 
was available were stratified into two groups relative to the median; the 
distribution of 5-FU or FdUrd Gl 50 s according to DPD mRNA expres- 
sion is presented in box plot format; the median value is displayed. The 
top and bottom of the rectangles are the 75th and 25th percentiles; the 
top and bottom whiskers are the 90th and 10th percentiles. •, 95th and 
5th percentiles. 



is about 0.22 [lm, which is at least 40-fold lower than the 
thymidine concentrations typically required for in vitro protec- 
tion against 5-FU. Furthermore, the final thymidine concentra- 
tion is in the range reported for thymidine in human plasma (46), 
which is considered to be insufficient to protect against the 
cytotoxicity of TS inhibitors (47). In addition, all of the cell 
lines were significantly more sensitive to FdUrd than to 5-FU 
(average GI 50 , 34-fold lower), a finding that- would not be 
expected if the concentration of thymidine was sufficient to 
rescue the cells from FdUMP-mediated TS inhibition. 

Lethality associated with 5-fluoropryimidines may in some 
cases be attributed to "post-replicative" cell death mechanisms, 
in which programmed cell death occurs in the cell cycle(s) 
subsequent to the one in which the cells were initially exposed 
to the damaging agent. Although the precise basis for delayed 
apoptosis is not clear, a possible explanation is that initial 
sublethal damage to genes that are essential for cell survival 
may ultimately lead to cell death with subsequent rounds of 
DNA replication (48). The observation that the estimated 50% 
lethal concentration (LC 50 ) for 5-FU was > 1 000 jam in 1 00% of 
the cell lines (data not shown) supports the premise that the 
culture methods used do not allow 5-FU-mediated lethality to 
become manifest. Similarly, FdUrd was not associated with 
lethality in this 48-h assay; only 2 of 63 lines had a LC 50 <I0 
I_m, and the LC 50 was > 1000 jam in 94% of the lines. Factors 
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Fig. 5 Correlations with dou- 
bling times. The doubling times 
of the cell lines have been pub- 
lished previously (34). For each 
pair of variables, the data were 
stratified into two groups (above 
and below median) according to 
the published doubling times for 
the cell line panel. The data are 
presented in box plot format, as 
described in the legend to Fig. 4. 
P for the rank sum test is shown. 
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Fig. 6 Influence of p53 gene status on sensitivity to 5-FU and FdUrd. 
The p53 status of the cell lines in the NCI drug screening panel have 
been published previously (34). Information was available in 59 cell 
lines that included GI 50 s for 5-FU and FdUrd as well as the p53 
mutational status. Cells with wild-type p53 were significantly more 
sensitive to 5-FU (top), and to a lesser extent, to FdUrd. 



operating downstream from the targets analyzed also play a 
pivotal role in 5-FU sensitivity. The pattern and extent of DNA 
damage induced by 5-fluoropyrimidines in human cancer cell 
lines varies and may be affected not only by the activity of 
enzymes involved in DNA repair but also by downstream path- 
ways that are required to implement cellular destruction (49- 
51). There was a striking association between wild-type p53 
gene status and sensitivity to 5-FU; although there was greater 
variability, p53 gene status also influenced sensitivity to FdUrd. 
This observation is consistent with the literature indicating that 
although TS inhibition is necessary for induction of apoptosis, 
downstream factors such as p53, Bcl-2, and dUTPase influence 
whether TS inhibition is sufficient for cell death (49-51). 

DPD mRNA expression showed the greatest degree of 
variability. Two cell lines had no detectable DPD mRNA ex- 
pression using a primer/probe set that evaluated the 5' portion of 
the message. In addition, five other lines had extremely low 
levels of DPD mRNA expression. Although there was no linear 
correlation between DPD mRNA expression and GI 50 s, cell 
lines with lower DPD values tended to be more sensitive to 
5-FU, whereas no such no relationship was noted between DPD 
expression and FdUrd sensitivity. 

In summary, we found no correlation between either TS 
mRNA expression, TS protein content, or TK activity and 
sensitivity to either 5-FU or FdUrd when cytotoxicity was 
assessed by the standard operating procedures of the NCI drug 
screen. Wild-type p53 status was a strong predictor of sensitivity 
to 5-FU and to a lesser extent, to FdUrd, suggesting that factors 
operating downstream from the targets measured may be more 
important determinants of sensitivity to 5-fluoropyrimidines un- 
der these experimental conditions. In view of the known rele- 
vance of TS as a determinant of response to 5-FU-based therapy 
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in the clinical arena, the lack of correlation between TS expres- 
sion and sensitivity to 5-FU/FdUrd raises a cautionary note 
regarding interpretation of correlative data using the standard 
protocol of the cell line screen. Future compounds with un- 
known or novel mechanisms of action will be tested under a 
similar, specific protocol. Our results raise the concern that this 
protocol may fail to detect potentially useful activity of com- 
pounds with unknown or novel mechanisms of action, particu- 
larly when the agents are not associated with early induction of 
programmed cell death. 
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Abstract 

Ttunor galanin content was measured in extracts from human pituitary adenomas using a specific RIA method Tor monitoring human 
galanin. Twenty-two out of twenty-four tumors contained galanin with notably high levels in corticotroph adenomas, varying levels in 
clinically inactive Lumors, and low levels in GH secreting adenomas. Tumor galanm and ACTH contents were closely correlated in all 
tumors. In four young patients with microadenomas and highly active Mb Gushing tumor galanin was inversely related to tumor volume. The 
molecular form of tumor galanin, studied with reverse-phase HPLC, was homogenous with the majority of rumor galanin cocluting with 
standard human galanin. In the tumors analysed with in situ hybridization there was a good correlation between galanin peptide levels and 
galanin mRNA expression. In some tumors galanin rnRNA and POMC levels coexisted, in others they were essentially in different cell 
populations. Levels of plasma galanin-LI were not related to tumor galanin concentration, and galanm levels were in the same range m sinus 
pctrosus cfdsc to the pituitary venous drainage as in peripheral blood. Conicotropbin releasing hormone injections in two patients caused 
ACTH, but no delectable galanin release into sinus peirosus. Our results demonstrate that corticotroph, but not GH adenomas, express high 
levels of galanin, in addition to ACTH, and that in some tumors both polypeptides arc synthesiscd in the same cell population. However, 
galanin levels in plasma were not influenced by the tumor galanin content. 
© 2003 Elsevier B.V. AH rights reserved. 

Keywords: Acromegaly, ACTH; Cushing's disease; GH; Pituitary tumor; Prolactinoma; Pro-<ipiomelonocortin 



1. Introduction 

Galanin was first isolated from porcine intestine in 1983 
by Tatemoto et al. []]. In most species galanin is a 29 amino 
acid, C-terminally amidated peptide, whereas the human 
foim contains 30 amino acids with a non-amidated C- 
terminal [2-5]. A major breakthrough was the cloning of 
the rat galanin gene from the rat anterior pituitary and 
hypothalamus, and the demonstration of its estrogen sensi- 
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livity [6,7], Galanin has been shown to have multiple 
biological effects. Thus, it seems to be involved in, for 
example, regulation of feeding (see Refs. [8-10]), in 
learning (see Refs. [11,12]), and in responses to nerve injury 
and pain (see Ref. [13]). The first galanin receptor was 
cloned by Habcrt-Ortholi ct al. [14] and subsequently two 
further galanin receptor subtypes were identified [15,16]. 
The creation of a galanin knock-out mouse [17] and of 
galanin overexpressing mice [18-20] have provided new 
insights into the physiological roles of galanin. 

Galanin-like immunoreactivity (LI) is spread throughout 
the central nervous system, including ihe hyrwthalanras, 
with the most intense immunoreactivity in the median 
eminence [21-24], suggesting participation in neuroendo- 
crine processes controlling anterior pituitary hormone sc- 
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cretion (see Refs. [9,25 -27]). l : or example, galanin 
increases GH secretion not only in animal models but also 
in humans. Thus, given intravenously (i.v.) to man galanin 
gives rise to a Gil peak, delayed in time but equal to and 
additive to thai produced by GllRH [28,29]. On the other 
hand, galanin has been shown to inhibit the hypothalamo- 
pituitary-adrenal (HPA) axis [30-33]. Galanin lias been 
proposed to act as a mitogen in estrogen-induced prolacti- 
' nomas in the ral [34,35 1, Galanin gene expression also 
shows a direct correlation to somatotroph hyperplasia in 
GHRH transgenic mice [36]. 

)n the rat pituitary galanin is mainly present in the 
lactotrophs [7], whereas in the human pituitary galanin is 
cocxpressed with ACTH. Thus, several groups [37-44] 
have studied galanin-LT in pituitary adenomas establishing 
jis presence in ACTH-produeing adenomas, but with vary- 
ing results as to its presence in somatotroph, lactotroph and 
elinieally inactive adenomas. 

The aim of this study was to, investigate the presence, 
concentration and molecular form(s) of galanin in different 
types of pituitary adenomas using an extraction procedure 
and a newly developed radioimmunoassay (RIA), as well as 
reverse-phase (RP>HPLC. In addition, we wished to com- 
pare tumor and serum levels of galanin to some othcr- 
pituitary hormones, with special reference to the ACTH- 
cortisol axis. Finally, some tumors were analysed with in 
situ hybridisation for expression of galanin and POMC. The 
results of these analyses were correlated to clinical data. 
Preliminary data from this investigation have previously 
been reported [45]. 



2. Material and methods 

2.1. Patients 

Samples for tumor extraction were obtained from 24 
patients with pituitary adenomas (Table 1), 15 women (26- 
7R yeaTs, mean 49.7 years) and 9 men (31 -74 years, mean 
53.3 years) who underwent transsphenoidal surgery at the 
Department of Otorhinolaryngology, Kitrolinska Hospital. 
Seven patients had hypersecretion of ACTH, six of GH, and 
one of prolactin (PRL). Ten tumors were clinically inactive 
(Table 1). The tumors were identified by clinical symptoms 
and signs as well as magnetic resonance imaging scans. The 
size of the seven ACTH-producing tumors was measured on 
contrast-enhanced Tl -weighted coronal and sagittal images 
after correction for scaling. The standard formula for vol- 
ume measurement of a rotational ellipsoid was used for 
volume calculations [46]. The size of the remaining tumors 
was assessed with stage and grade according to Hardy and 
Wilson (see Ref. [47]). Separate tumor samples were also 
analysed in the Department of Pathology of the Karolinska 
Hospital. 

The patients with Cushmg's disease had clinical symp- 
toms and signs of hypercortisolisra. The diagnosis was 



confirmed by elevated ACTH and Cortisol levels, absent 
diurnal rhythm, pathological CRH-tcst (;i=6) with sinus 
petrosus sampling (n = 4) or low and high dose dexameta- 
sone (;i = l). All had pituitary microadenomas visible on 
MR1 scans. They were all cured clinically and biochemi- 
cally after surgery. Separate pathological anatomical exam- 
ination confirmed a pituitary adenoma in six cases. In one 
case (#6) there was insufficient material for analysis. 

Galanin was monitored in two patients during sinus 
petrosus sampling. Samples were not available for galanin 
analysis from a further two patients who underwent sinus 
petrosus sampling, confirming in both cases ACTH produc- 
ing pituitary adenoma. For control, plasma samples were 
collected from 22 healthy individuals (12 men, 28-55 years 
old; 10 women 25-62 years old). 

The study was approved by the. Ethics Committee of 
Karolinska Institute! (nos. 96-145 and 99-326). 

2.2. Samples 

Tumor samples for extraction and in situ hybridisaiion 
were collected al surgery, placed on dry ice and kept frozen 
at - 70 °C. 

Blood samples for galanin measurement were collected 
in EDTA plasma tubes in the morning fasting stale prior 10 
surgery and during sinus petrosus sampling. Samples were 
placed on ice and centrifuged al 4 °C (2400 rprn) for 10 
min. Plasma was withdrawn and stored at — 70 "C until 
analysis. 

2.3. Extraction procedure 

For extraction, frozen tumor tissues were weighed, cut, 
still in frozen state, boiled for 10 min in acetic acid (1 mol/ 
1), cooled on ice, homogenized and centrifuged for 10 min 
(2000 rprn) at 4 a C. After collection of the supernatant, the 
pellet was rcsuspended jn water, followed by a second 
boiling, homogenization and centrifugal ion as above. The 
supematants from these two extraction procedures were 
pooled, lyophiliscd and stored at 4 °C. Samples were 
reconstituted in phosphate buffer (0.05 mol/l; pll 7.4) before 
assay. 

2.4. Gel permeation chromatography 

Gel permeation chromatography was performed on one 
minor rich in galanin (#5; Table 1). A Scphadcx G-50 
Superfine (Pharmacia, Uppsala. Sweden) column (2.6 x 97 
cm) was equilibrated and ehiied at room temperature with 
formic acid (0.1 mol/l) with 0.02% sodium azide. Void 
volume (Vo) was determined with Dextran blue and total 
volume (KJ with ~Na. Human synthetic galanin (Peninsula, 
Belmont, CA) in RIA buffer was used for column calibra- 
tion. Tumor extract (50 |d in 1 ml water) was eluted at a flow 
rate of 15 ml/h. and the cluate was collected in fractions 
(2 ml), which were lyophiliscd and stored al 4 °C until 
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Tabic 1 
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Inactive: clinically inactive adenoma. 

Patients arc arranged according lo tumor lype, and age. Sex, tumar gilanin 
" Below detection limit in the RIA. For the purpose of calculation, they 

assay. For RIA, each fraction was dissolved in 100 ul RIA 
buffer, 

2.5. Revarsc-phase-HPLC 

Extracts from the nine: adenomas containing the largest 
amounts of galanin, i.e. seven ACTH-secrcting adenomas 
(#1-7; Table 1) and two clinically inactive adenomas 
(#16, #19; Table 1) were analysed with RP-HPLC. A 
21 8TP C, 6 -Column (5 urn, 4.6x250 mm) from Vydac 
(Hcspcria, CA) was used to separate the galanin-LI. The 
samples were clutcd (1 ml/min) with a linear gradient of 



Tuble 2 

Seven patients with ACTH producing pituitary iidenomus 



content (T-GAL) and 
were assigned values 



plasma galanin CP-GAL) ure listed, 
of 20 pmol/1, i.e. the limit of detection. 



water/acetonitrile (HPLC-grade, Merck, Darmstadt, Ger- 
many) with 0.1% trifhioroacctic acid (Merck) increasing 
froiT) 20% to 70% by 1%/mui. Aliquols of 0.5 ml were 
sampled. The fractions were lyophilized and redissolved in 
100 fil RIA buffer before analysis. One sample with Yeiy 
high galanin content (#1; Tabic 2) was diluted 1:10 before 
chromatography. 

2.6. Radioimmunoassay 

Antiserum to human galaoin(l-30) was produced as 
described before [48]. Briefly, human galanin(l-30) was 



Pat. 
id. 4 



T-gal, pmol/ 
mg protein 



T-ACTH, pmol/ 
mg protein 
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U-Cortisol, 
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The tabic Shows lumor tissue content of galanin (T-CAL) and ACTH (T-ACTH) in pmnl/mg protein, muming lasting blood levels of ACTH and Cortisol and 24 

It urinary Cortisol excretion. 

Reference ranges: P-ACTH. 2 11 pmol/1. 

S-Corrisol, 170-600 nraol/l. 

U-Cordsol, 70-500 nmol/24 h. 
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synthesized by Fmoc-solid phase synthesis and purified 10 
apparent homogeneity by RP-HPLC. Five mg galanin were 
coupled to 30 mg keyhole limpet hemocyanine with 0.25 mg 
carbodiimide. New Zealand white rabbits were immunized 
with 0.25 mg peptide equivalent dissolved in 1 ml saline 
emulsified in 1.5 ml complete Freunds adjuvant (Sigma, St 
Louis, MO). Booster injections at 4-6 weeks intervals were 
done with 0.08-0.1 mg peptide equivalent mixed with 1.5 
• nil incomplete Freunds adjuvant. The antiserum used was 
obtained 10 days after the third booster injection. 

Final antibody concentration in the assay was 1 :750,000 
yielding a 30% binding. Synthetic human galanin (Penin- 
sula) was used as standard and 1 ^-labelled human galanin 
(New England Nuclear, NEN, Boston, MA) as tracer. The 
RTA buffer was a phosphate buffer (0.05 mol/I; pll 7.4) 
containing 0.1% USA, 0.02% NaNj, 0.01% Triton X, and 
10 ml Trasylol/1 buffer. 

In the assay, 100 ul of standard or samples in duplicates 
(or in single samples from chromatography) were preincu- 
bated with 100 u) antibody for 24 h at 4 °C. After the 
addition of 100 p.1 tracer (approx. 8000 cpm) incubation 
continued for another 24 h. Free and bound radioligand 
were separated by adding 500 pi sheep anti-rabbit anti- 
bodies (Pharmacia decanting suspension; Pharmacia, 
Uppsala, Sweden). After 30 min incubation and addition 
of 500 |il water, the samples were centtifuged at 4 °C (3000 
ipm) for 15 min and decanted, and the radioactivity in the 
bound fraction was counted in a gamma counter. 

Serial dilutions of tumor extracts showed good parallel- 
ism with the standard curve. Non-specific binding in the 
RIA was 2%. Detection limit was 20 pmol/L and IC50 312 
pmol/L Intraassay variation was 5% and intcrassay variation 
14%. 

Crossreactivity was measured at 50% binding, or at the 
highest binding for those peptides not attaining a 50% 
binding. In this assay, there was 62% cross-reactivity with 
rat galanin, 36% with galanin(l - 16), and 0.8% with pan- 
creastatin, whereas less than 0.1% was found for gala- 
nin(20-30), galanin message-associated pcpbdc(l-41) or 
- (44-49), CRH, GHRH, somatostatin, vasoactive intesti- 
nal polypeptide, peptide histidine-isoleucine, calcitonin 
gcnc-rclated peptide or oxytocin. 

ACTH in tumor tissue was analysed by an immunor- 
adiometric assay (1RMA) from Brahms Diagnostica (Berlin, 
Germany) using two monoclonal antibodies recognizing • 
different binding sites on the antigen. The assay was carried 
out in two steps to prevent antigen excess resulting in falsely 
low values. The tumor samples were diluted stepwise with 
the zero-standard. 

Protein content was analysed with the Bio Rad Protein 
Assay (BioRad, Munich, Germany). 

2. 7. Preparation of probes 

Altogether three oligonucleotides (Scandinavian Gene 
Synthesis, Koping, Sweden) were used in this study for in 



situ detection of POMC mRNA (w= 1) and human galanin 
mRNA (n = 2). Oligonucleotides were designed as below 
from published gene sequences. 

(A) Oligonucleotide complementary to POMC mRNA 
[49]: 

(i)5'GCCCTCCCGTGGACTTGGCTCCGGACGGC- 
CATCTCCCCCCGCCGTCTCTTCCTC3' 

(B) Oligonucleotides complementary to human galanin 
mRNA [3]: 

(i) 5'CTGTCrGTTGCCAACGGCATGTG'GGCCCA- 
GCAGGTAGCCCGCGCTGTTC3' 

(ii) 5'GTCAAAGCTTCCTGGTTTCATGTCATC- 
TTCCtGGCCGCAGCACCCGCTT3' 

All oligonucleotides wen; chosen in regions presenting 
few homologies with sequences of related mRNAs, and they 
were checked against the Genbank database. 

The oligonucleotides complementary to human galanin 
mRNA were labelled as previously described [50] at the 
3'-end using terminal deoxynucleolidyl transferase (TdT) 
(Amershani, Amersham, UK) \a a cobalt-rontaining buffer 
with 35 S-dATP (New England Nuclear, Boston, MA, 
USA) to a specific activity of 1-4x10* cpm/u.g and 
purified in Nensorb-20 columns (New England Nuclear). 
The oligonucleotide complementary to POMC mRNA was 
labelled by tailing at the 3'-end with digoxigenin-11- 
dUTP (Boehringcr Mannheim, Mannheim, Germany) 
according to published protocols [51). Briefly, 100 pmol 
of each probe were incubated in a final volume of 20 
ul with 1 nmol of digoxigcnin-1 1-dUTP, 9 nmol of dATP 
(Sigma), 50 units of TdT and 4.2 ul of cobalt-containing 
buffer. After 45 min at 37 °C the reaction was stopped 
before purification by ethanol precipitation, and probes 
were then stored at -20 °C. 

2.8. In situ hybridization procedures 

The frozen pituitary tumors were cut at 14 um thickness 
in a cryostat (Micron), Heidelberg, Germany) and thaw- 
mounted onto Probe On slides (Fisher Scientific, Pittsburgh, 
PA). The sections were then processed as described earlier 
[50]. In brief, tissue sections were air-dried and incubated 
for 16 h at 42 °C with 0.5 ug of each of the two 
radioactivcly labelled human galanin probes and 10 nmol/ 
I of the digoxigenin-labelled POMC probe. The probes were 
diluted in a hybridization solution wntaining 50% dcionized 
fbrmamide (Baker, Deventer, The Netherlands), 4 x stan- 
dard saline citrate (SSC,- 1 x SSC = 0.15 M NaCl and 0.015 
M NaCilrate), 1 x Denhardt's solution {0.02% bovine 
serum albumin, 0-02% Ficoll (Pharmacia).. 0.02% polyvi- 
nylpyrrolidone}, 0.02 M NaP0 4 (pH 7.0), 1% W-Iauroyl- 
sarcosine, 10% dextran sulphate (Pharmacia), 500 mg/ 
I denatured salmon testis DNA (Sigma) and 200 inM 
dithiotreitol (Sigma). Alter hybridization, the sections were 
rinsed in 1 x SSC, 4 x 1 5 min at 55 "C followed by 30 min 
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at room temperature. The sections were then immersed for 
30 min in buffer A (0.1 M Tris, pH 7.5, 1 M NaCI, 2 rnM 
MgCl 2 ) containing 0.5% bovine serum albumin (Sigma) and 
incubated overnight at 4 °C in the same solution with 
alkaline-phosphaiasc conjugated anti-digoxigenin F(ab) 
fragment (1 :5000; Bochringcr Mannheim). Afterwards, they 
were rinsed 3 x 1 0 min in buffer A and twice in buffer B 
(0.1 M Tris, pH 9.5, 0.1 M NaCI, 5 mM MgCl z ). Alkaline- 
phosphatase activity was developed by incubating the 
sections with 44 ul N13T and 33 jil BCIP (Gibco, Gaithers- 
burg, MD) diluted in JO ml buffer B. The enzymatic 
reaction was stopped by extensive rinsings in distilled water 
and in buffer B. 

The sections were air dried and coated twice with 3% 
collodion dissolved in amyl acetate (LKB, Stockholm, 
Sweden) [52). They were then dipped into Ilford K5 nuclear 
emulsion (Ilford, Mobberly, Cheshire, UK) diluted 1:1 with 
distilled water, exposed for 3 weeks, developed in Kodak 
DI9 for 3 min and fixed in Kodak 3000 for 8 min. After 
mounting in glycerol, the sections were analysed in a Nikon 
Microphot-FX microscope equipped with a dark field 
condenser. 

2.9. Statistical analysis 

Results are presented as mean ± SEM, unless otherwise 
slated. Comparisons between groups were assessed by 
Mann- Whitney Rank Sum test or by one-way ANOVA, 
followed by Duncan's Multiple Comparison procedure. 
When applicable, non-normally distributed variables were 
log transformed before analysis, in order to get a more 
closely approximaled Gaussian distribution. Correlations 
were performed using least square linear regression analysis. 
For the purpose of calculation, undetectable levels of 
galanin (#8, 22) were assigned values of 20 pmol/1. Statis- 
tical significance was set at ^<0.05. Statistical analyses 
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Fig. 1 . Giilunin concentration in 24 pituitary adenomas arranged nccunJing 
(o tumor type. Box plots indicate the median and the lower and upper 
quartiles. the whiskers the 10th and 90th percentiles, and (he Outliers are 
shown as circles. 
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Fig. 2. Tumor galanin content related to tumor volume in seven patients 
with ACrH secreting adenomas. Paticnii number and 33c are given in the 
figure. Dots indicate young patients, triangles old oncs. 

were performed using SigmaStat for Windows (Jandel 
Sientific, Erkarth, Germany). 



3. Results 

S.l. Tumor samples 

Galanin-LI was present in extracts from 22 of the 24 
pituitary adenomas examined in this study (Table 1; Fig. I). 
High levels of galamh-LI ranging between 43.5 and 851 
pmol/mg protein (mean 363 pmol/mg) were found in die 
seven adenomas from patients with Cushing's disease (#1 - 
7, Table 2). The six GH-producing adenomas contained low 
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Fig, 3. Tumor galanin content related to nimor ACTH content in 24 
pituitary adenomas specified to rumor type. There is a good correlation 
between galanin and ACTH tumot concentration (r-0.932; ^<0.00l). 
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Fig. 4. Tumor galanin content related (o 24 b urinury Cortisol excreliun in 
seven patients with ACTH secreting pituitary adenomas. Exclusion of 
paricnt #3 results in r= 0.974; p< 0.001. If included r=0.<5l4: p< 0.142. 



amounts of galanin-LI, from 0.04 to 1 .87 pmol/mg protein 
(mean 0.41 pmol/mg) (#8-13, Tabic 1). Also, the single 
prolactinoma had very low galanin-LI (#14, Table 1). 

The 10 clinically inactive adenomas contained varying 
amounts of galanin-LI (#15-24, Tabic 1). Five of these 
adenomas had low galanin content, ranging IfOm 0.13 to 
1.85 pmol/mg (#17, 20-23, Table 1), three had levels in the 



intermediate range (5.67-17.1 pmol/mg: #15, 18. 24), 
whereas two adenomas were rich in galanin-LI (99.9 and 
199 pmol/mg; #16, 19, respectively). There was no corre- 
lation between galanin levels, or patients age. or sex, 
irrespective of rumor rype. Tumor volume did not correlate 
to tumor galanin or ACTH-contenr in the seven patients 
with Mb Cushing (Fig. 2) (/ =- 0.638; p = 0.123). However, 
the four youngest patients, who also exhibited the highest 
Cortisol per 24 h (#1-4, Tabic 2) had an inverse relation 
between lumor-galanin and volume (Fig. 2). 

ACTH was detectable in all adenomas studied, and there 
was a close correlation between galanin-LI and ACTH levels 
in the adenomas as a group (r= 0.932, /?<0.00l; Fig. 3), as 
well as in the clinically inactive adenomas (r = 0.919. 
/)<0.00l), but a less strong correlation among the GH 
adenomas (r= 0.8429; p<0.05). The seven corticotroph 
adenomas did not show any correlation between galanin 
and ACTH concent (r= 0.434). Tn this group of patients 24- 
h urinary Cortisol excretion correlated strongly to tumor 
galanin-LI in six out of seven patients (Fig. 4). In the seventh 
patient (#3) comparatively low tumor galanin-LI and ACTH 
values were associated with high urinary Cortisol. This 
patient had the largest tumor in the Mb Cushing group. No 
correlation was found between urinary Cortisol excretion and 
tumor ACTH levels, nor did plasma ACTH or serum Cortisol 
relate to tumor galanin-LI or ACTH content (Table 2). After 
surgery, nil these patients had subnormal Cortisol levels. One 
patient (#2) had recurrent disease a few years later. 
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Fig. 5. Sinus pelrcsus sampling during CR1I stimulation tesi in two palienis wiih ACTM-producing tumors 04 and 7: Tahlc 1 ). After injection nf 1 00 ug human 
CRH (Corticobiis®, Bisaendorf "t he Netherlands), Samples were drawn JrOiri right find left cavernous sinus und peripheral vein ai - 1, 0, 2, and 5 min and 
analyzed for ACTH and galanin. 
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Galanin-LI in peripheral blood was measured in all but 
live patients (Tabic I). The levels ranged from undetectable 
to 130 pmol/1 (mean 54.2 + 30 pmol/1). There was, howev- 
er, no correlation to tumor type, nor to tumor size, galanin- 
LI content, patient age or sex (not shown). 

Galanin-LI in plasma from healthy controls was 93.7 ± 
44'pmol/l (101.9-48.7 pmol/1 in the men and 83.9-37.6 
pmol/I in the women), i.e. it was higher in controls than in the 
patient group. These control samples were collected 5 years 
alter the patient samples and analysed with a slightly 
modified R1A including Trasylol to further prevent peptide 
degradation. Galanin-Ll and ACTH were measured in sinus 
pctrosus blood samples from two patients with Cushing's 
disease (#4, 7) after CRH stimulation (Fig. 5). A rise in 
plasma ACTH was noted in the left sinus of both patients, 
with no change in peripheral ACTH levels. No effect was 
observed on levels of galanin-LI in sinus pctrosus or in the 
periphery, nor did basal plasma concentrations of galanin-Ll 
in sinus petrosus differ from those in the periphery. Thus., 
there was no correspondence to the high levels of galanin-Ll 
detected in tumor extracts from these two patients. 
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Gel permeation chromatography of one tumor (#5, Table 
1) revealed one major peak of galanin-Ll with the same 
retention as synthetic human galanin. JRP-HPLC of nine 
adenoma extracts (Fig. 6) showed that in eight of these 
mmors the majority of galanin-LI had the same retention as 
synthetic human galanin (16 min) (Fig. 6A). The main peak 
with galanin-like material was preceded by a smaller one 
with an elution lime of 9 - 1 1 min in six extracts and of 1 3 
min in two tissue extracts. One adenoma (//6, Tabic I) 
differed from the rest, in thai there was only one major 
chromatographic peak with galanin-lilce material with a 
longer retention time (20 min) coinciding with synthetic 
galanin(l-J6) (Fig. 6B). 

3.4. In situ hybridization 

The in situ hybridization analysis showed that the pieces 
of the various tumors processed with this technique could be 
divided into at least three groups with regard to galanin 
expression, (i) A galanin signal was found in a large number 
of cells, sometimes apparently all Cells of the tissue piece; 
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Fig. 6. (A, B) Reverse-phase high performance liquid chromatography of galanin immunorttelivity in pituitary extracts. (A) Jtesults are mean £ SEM of eight 
piruitary adenomas. (B) Results of one pituitary adenoma. (C) Elution of human galanin (I -30). (D) Elution of galanin 1-16. Please note different scale in (C). 
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I'ig. 7. (A-C). Dark-field micrograph* of ACTH-pmducmjjs adenoma* (A, C, #1; H, U2) .ificr hyhrirli7arion with probes complementary lo prcpro-palanin 
mRNA (A, B) and aftef arliUliyn oI"cki«» ofi-old probe (C). A wry strung signal is s«n evenly distributed over bvlli tumors (A, R) hut only few grain* in the 
controls (C). Scale hai imticili's 50 pm fur till iiiicrugniphs, 






Fig. R. (A-F.) Daikfii Ul (A C). biijOiidcM (F.) and cmnliirud d:irk-;md bnjthllicld (D) micrographs of AO 1 11-pnxlurinL' udenornu (#41 alter douhlc- 
hybridizalion wiih mdiuiiaive probes compli'inC'ilary lo prqiry unburn mRNA (A, (.', Oj and non-radioaclive probe loiuplemenlury lo POMC mRNA (D. F) 
or aflcr hybridmiuon with un excess of iialunm cold probe (U). A slronu falnnin signal (bright grains) is seen in strands wilhin the tumor tissue (A, ('). and lliuy 
are Complementary lo Ihc POMC mRNA (dark labelling) distribution {C.-fL). No siftn.il is seen in the control wri'lion (U). Sctdc bars indicate 50 uni (A-fl; 
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(ii) a limited number of cells expressed galanin mRNA: and 

(iii) no galanin mRNA expression could be detected. Two 
tumors showed an extremely strong signal that could not be 
blocked by an excess of cold probe, thai is the signal was 
considered lo be unspecific. 

To group (i). i.e. ilrongly galanin mRNA expressing 
tumors, belonged patients #1 (Fig. 7A), // 2 (Fig. 7B) and 
#4 (Fig. 8A, C), whereby one of Ihc two pieces analysed of 
minor #2 showed a less compact distribution (data not 
shown) and #4 showed a markedly uneven distribution with 



disrincr bands of positive cell groups separated by areas widi 
a low signal (Fig. 8A, C). Tumor #5 showed a signal all over 
the sections but of a comparatively low intensity (data not 
shown). To the second group (ii) with a limited number of 
cells expressing galanin mRNA belonged minors #3 (Fig. 
9A) and #19 (Fig. 9D); in the latter galanin-positive cells 
often formed small groups (Fig. 9E). In fact, in general the 
(issue piece of this tumor processed for in silu hybridization 
appeared to have a normal pituitary morphology at the 
cellular level (Fig. 9E). In group (iii) no detectable signal 





Fig. 9. (A-F) Darkfield (A. D-F). brightfidd (C) and combined durk-and brightricld (B) micrographs or ACTH-pmdueinp. adenoma (f/3) (A-C) and or a 
clinically inactive tumor (II \9) (13 -F) after double-hybridiiraliun with radioaclivc probe complementary io prcpro-galanin mRNA and iiftn-radioaeiivc probe 
complementary lo POMC iiiJ'INA (A-C*) or after hybridization widi probe complementary in piepro-jalanin mRNA wilhnut (D) or with (F.) bishen7imi(,1c 
conlrast staining, or after hybridi/fl'iori widi an evecss of' cold probe added lo the hybridiMiiyn cot'kmil (F). (A C) Double in situ liybiidiyalinn reveals several 
cells expressing hoih prcpro-guliinin mRNA (bright grains) and POMC mRNA (dark kilitillinj;) (small arrowheads) lis well us POMC tnRNA-positive and 
preprO-galsnir) mRNA -negative cells (big arrowheads! (D-F) Note strong signals in rcsniclcri amis of the tissue (A) which in U can often be seen lo consist of 
small groups ofeclls (■small arrnwheods). Big arrowheads point to negative cell groups. Note low siynul in the control experiment (F). Senile liars indicate 50 |im 
(A-B-C;D-E-F). 



PAGE 10114 * RCVDAT 5/16/2007 8:00:29 AM pacific Standard Time] * SVR:SVCS01/2 * DNIS:6034 * CStD:613 993 5444 * DURATION (mm-ss):07-52 



05/16/2007 wed iisi2 pax 613 993 5444 CISti help desk 



0011/014 



136 



£. Grenblck a al. f RegulMvry Peptides 117 (2004) 121-139 



was observed in rumors #10, #16, #17, or #21 (data not 
shown). 

Some tumors were processed for double in situ hybrid- 
ization with a non-radioactive POMC mRNA probe. A high 
degree of coexistence was observed in tumors #1 and A3, 
whereby this was observed in the majority of cells in tumor 
#3. but POMC mRNA-positive, galanin inRNA-negative 
cells were also observed (Fig. 9A-C). In tumor U\ all 
galanin mRNA positive cells had a POMC mRNA signal. 
Tumor #4 showed a clear separation between the non- 
radioactive POMC mRNA signal and the radioactive galanin 
signal (cf. Fig. SB with C and D), suggesting synthesis in 
separate cells. However. POMC mRNA-galanin mRNA 
coexistence situations could not be excluded. Finally, in 
some tumors (eg. #10 and #21) a very strong signal was 
observed after incubation with the galanin mRNA probes. In 
all other tumors described above (Figs. 7C, 8B and 9F), the 
signal could be blocked by addition of an excess (100 x ) of 
cold probe, except in tumors #10 and #21. They had a very 
strong signal which was observed to the same extent after 
addition of cold probe (data not shown), In agreement, both 
rumors (#10, 21) had very low galanin levels as monitored 
with RIA. 



4, Discussion 

In this study, using a RIA for human galanin, we demon- 
strate high levels of this peptide in extracts from ACTH- 
producing pituitary adenomas, moderate and varying galanin 
levels in clinically non-functioning adenomas and low or not 
delectable levels in GH-and PRL-producing adenomas, with 
a good correlation to ACTH levels in the adenomas. More- 
over, the RIA data were supported by the in situ hybridiza- 
tion results; a significant galanin signal was only found in 
the corticotroph adenomas. Double in situ hybridization 
revealed coexistence of galanin mRNA and POMC mRNA 
in most tumors, although a clear cellular dissociation of the 
two transcripts was seen in some other tumours. 

When discussing these results, one should keep in mind 
that different parts of the tumor tissue sample were analyzed 
in each of the various assays. Thus, differences in distribu- 
tion of various markers within the tumor should be consid- 
ered. Such differences were, in fact, encountered in the in 
situ hybridization analysis. 

4.1. Giilonin in Corticotroph adenomas 

A number of studies, using mainly immunostaining and 
in situ hybridization, have demonstrated presence of galanin 
in pituitary adenomas, especially in ACTH-producing 
tumors (see Table 3 for overview). Here we show that 
galanin levels in pituitary adenoma extracts vary with tumor 
type and correlate strongly with ACTH levels, supporting 
previous studies showing co-production of the two peptides. 
Indeed, the present in situ hybridization results using 



Table 



Galanin in human piwiriry adenomas and in normal pituitarics 



Reference 


Piruitnry adenumus 




Normal 




ACTH 


GH 


PRL 


Inactive 


niTi nf a ri^- 

LMlLllLal 


Hulling ct al. [37) 




1/1 








VronWkis el al. [38] 


13/18 


0/4 


0/8 


0/5 


23/23 


Hsu ei al. [40] 


16/19 


5/11 


2/14 


9/18 


7/7 


Polilk el al. [41] 


6/6 


3/8 


2/2 


0/7 




Sano e! al. [42] 


9/14 


0/10 


OA) 


0/9 




Dennel el uL [39] 




2/4 


0/1 


3/13 


30/30 


lnvitti el al. [43] 


5/5 










Leung ct al. [44] 


1 0/ 1 f. 


I/2fi 


1/19 


25/89 


6/6 


Review of data published 1989- 


-2002. . 









double-labeling on single sections show conclusively that 
individual cells can synthesize both ACTH and galanin. 
However, whereas coexistence of galanin and POMC 
mRNA was found in apparently all cells of one corticotroph 
adenoma (#1, 2 ; Table 1; fig. 7A, B), another tumor of this 
type showed a clear separation of the two signals (#4, Tabic 
1; Fig. 8A, C-E). Moreover, co-expression of galanin and 
POMC mRNA in the ACTH adenomas was reflected in a 
close correspondence between tumor content of galanin and 
ACTH, whereas when the peptides were expressed in 
separate cells RIAblc tumor content of ACTH vastly 
exceeded that of galanin. Thus, absence of a correlation 
between these two peptides in extracts from corticotroph 
adenomas may reflect an expression of ACTH and galanin 
in different cell populations. 

A clinical significance of this differential expression 
could not be related to age, sex, tumor size or pituitary 
function. However, as shown by lnvitti et al. [43], the in vivo 
release of galanin in response to CRH varies among patients 
with Cusbing's disease. We found no elevation of plasma 
galanin in sinus petrosus from two patients with Cushing's 
disease. Thus, although both patients showed a marked 
unilateral response to CRH, there was no similar effect on 
galanin levels. One of these patients (#4) was analyzed with 
double-labeling in situ hybridization, and in this patient 
galanin and ACTH were Synthesized in distinctly separate 
cell populations (Fig. 8). Perhaps the variability in the 
response to CRH can be explained by the extent of coloc- 
alization of ACTH and galaniit Thus, when the peptides are 
produced in different cells, CRH may only cause release of 
ACTH. It would therefore be interesting to know whether or 
not lype-1 CRH receptors [53] are present in ACTM-nega- 
tive, galanin-positive cells. It should here be mentioned that 
in the normal state, stimulation of ACTH Secretion with 
CRH, desmopressin or physical exercise does not affect 
plasma galanin levels [43,54,55]. 

The clinical significance of the presence of galanin in 
ACTH adenomas was also investigated by Leung et al. [44], 
showing that galanin-positive adenomas were smaller and 
had better prognosis than those not expressing galanin. The 
present study supports this finding; we have found that all 
seven corticotroph adenomas were galanin-positive, and 
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they were small and were successfully removed. Interest- 
ingly, in the four young patients with microadenomas and 
highly active Mb Cushing (#1-4) tumor galanin was 
inversely related to tumor volume. In contrast to Leung et 
al. [44] wc found a correlation in six. of seven corticotroph 
adenomas between galanin content and 24 h urinary Cortisol 
excretion, representing integrated ACTH-cortisoI produc- 
tion.To what extent galanin can serve as a marker for tumor 
activity as well as act as a growth inhibitory factor in this 
type of tumor requires analysis of a larger material. 



preoperative ACTH failure (#10. 20. 21, 23) had low levels 
(mean 0.6 1 pmol/mg protein). 

The patient (# J 6) with the highest tumor galanin content 
among the clinically inactive adenomas had shown clinical 
signs of Mb Gushing. However, laboratory investigation, 
performed after a tumor apoplexy, revealed normal ACTH 
and Cortisol secretion. This patient had a recurrence of 
Cushing's diseas a few years after surgery. Our sample 
may have contained ACTH adenomatous tissue or normal 
pituitary as indicated by immunocytochcmislry. 



4.2. Galanin in clinically inactive GH and PRL adenomas 4.3. Identity of galanin in pituitary tumors 



. The capacity of non-ACTH tumors to synthesize galanin 
has been controversial. Vrontakis et al. [38] and Sano ct al. 
[42] found galanin-LI exclusively cocxpressed with ACTH 
and not present in any other type of pituitary adenoma. We 
have previously demonstrated the presence of galanin in a 
GH adenoma [37], and Polak et al. [41] in GH and PRL 
adenomas. Hsu ct al. [40], in addition, found galanin-LI in 
half of (he' non-functioning adenomas, including a few 
which were negative for ACTH. In the largest and most 
recent study, Leung et al. [44] demonstrated galanin-LI in 
one third of the clinically inactive adenomas but rarely in 
GH-or PRL-producing adenomas. 

In the only previous study based on extraction, Bennet et 
al. [39], using an antiserum against porcine galanin and a 
porcine tracer, found detectable galanin in two of four GH 
adenomas and in three of thirteen clinically active adeno- 
mas. With die present extraction method wc find galanin-LI 
in all but two of the non-ACTH adenomas Studied. How- 
ever, galanin levels above 5 pmol/mg protein were only seen 
in 5 of the 10 clinieally inactive adenomas and in none of 
the GH- or PRL-producing adenomas. 

The presence of galanin was shown in all normal 
pituitaries examined in previous studies [38-40,44]. Tn fact, 
extraction yielded maifcedly higher galanin concentrations 
in normal pituitaries than in non-ACTH pituitary adenomas 
[39]. Since the present study is based on tissue obtained at 
pituitary surgery, it does not include a control group of 
normal pituitaries. However, in a previous study of extracts 
from 280 postmortem pituitaries Schmidt et al. [5] reported 
410 pmol galanin per gram frozen tissue. In our material me 
mean galanin content was 13,950 pmol/g frozen tissue in 
ACTH adenomas, 3.6 pmol in GH adenomas and 1.4-4170 
pmol in clinically inactive adenomas. 

The highly variable galanin content found in the clinically 
inactive adenomas correlated well wilh ACTH content in the 
same adenomas, and presence of normal corlicolrophs in the 
samples containing high galanin and ACTH cannot be 
excluded. In one case (tfl9) this was verified by PAD 
showing normal pituitary tissue in 9 of 10 samples (cf. Fig. 
9D-F). This patient also incurred a postoperative panhypo- 
pituitarism. Indeed, the diree patients who became ACTH 
deficient after surgery (#18, 19. 24) had elevated tumor 
galanin-LI (mean 40.9 pmol/mg protein), whereas those wilh 



The molecular form of galanin was studied wilh RP- 
HPLC in the seven corticoiroph adenomas and the two 
clinically inactive adenomas with high galanin content (#1- 
7) (#16, 19). The elution pattern was shown to be remark- 
ably homogenous with a small peak preceding the main 
form cluting with synthetic human galanin (Fig. 5A). It 
agrees with the pattern found in non-ACTH pituitary ade- 
nomas by Bennet et al. [39] and corresponds to the structure 
determined by Schmidt ct al. [5] who isolated and se- 
quenced galanin from purified extracts of postmortem 
. pituitaries. Our finding indicates that the molecular form 
of galanin in corticotroph adenomas is identical to that 
found in clinically inactive tumors and in the normal 
pituitary. The small polar peak eluting earlier than gala- 
nin(l-30) probably represents degradation products which 
have been shown to elute prior to the main form [56]. In one 
case (#6) we found that galanin eluted later than human 
standard with a peak coinciding with galanin{1-16) (Fig. 
513). This fragment has not been found in vivo in the rat 
[56,57] or in man [2,5,28,58], and our finding suggests a 
different processing of tumor galanin in this patient 

4.4. Concluding remarks 

We found that galanin is present in human corticotroph 
adenomas and provide conclusive evidence at the transcript 
level for cellular colocalization with POMC in some, but 
not all tumors. Our results also indicate that galanin 
present in other types of pituitary adenomas is associated 
with normal pituitary tissue. The molecular form of tu- 
morous pituitary gaLanin is homogenous representing gen- 
uine human galanin (1 -30), but in one adenoma a form of 
galanin cocluting wilh galanin(l-16) was identified. No 
evidence of galanin secretion from these adenomas inlo 
local or peripheral circulation was obtained, pointing to a 
mainly auto-and/or paracrine role for galanin produced in 
corticoptroph adenomas. 
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Abstract- The adipocyte type fatly acid-binding protein ( A- 
FABP) is a small molecular weight fatty acid-binding protein 
whose expression correlates both with the grade of atypia and 
the stage of bladder transitional cell carcinomas (TCCs). To 
determine if the protein abundancy correlates with the 
mRNA levels in non-invasive and invasive lesions, we have 
analysed fresh TCCs (grade II. Ta; grade III. T,.,) by two- 
dimensional polyacrylamide gel electrophoresis (2D-PAGE) 
and measured the mRNA levels using the reverse transcription 
linked polymerase chain reaction (RT-PCR). Overall, the 
results showed a good correlation between protein abundancy 
and mRNA levels, indicating that the lack of expression of 
the protein observed in some, lesions reflects low levels of 
transcription of the A-FABP gene rather than transitional 
regulation. In addition, our studies showed that the loss of A- 
FABP protein observed in some tumors is not compensated 
by an increase in the skin fatty acid-binding protein PA- 
FABP, as is the case in the A-FABP knockout mice. 

Introduction 

Bladder cancer accounts for 4.7% of all human cancers 
diagnosed. The spectrum of bladder tumors is broad with 
various histological types that include transitional cell 
carcinomas (TCCs), squamous cell carcinomas (SCCs), and 
adenocarcinomas (1-3). TCCs are by far the most prevalent 
tumors as they represent nearly 95% of all bladder cancers in 
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the Western Hemisphere. At first presentation, about 70% of 
the urinary bladder TCCs are diagnosed as differentiated 
superficial lesions that are confined either to the mucosa 
(Ta), or to the underlying connective tissue (T,). The rest 
correspond to highly invasive, poorly differentiated tumors. 

Non-invasive TCCs occur as two distinct growth patterns, 
papillary and non-papillary (flat) lesions (1,2); that display 
significant differences in their malignant" potential and that 
are believed to originate from different genetic alterations 
(4-6). Papillary carcinomas usually correspond to low-grade 
lesions which frequently recur multiple times. These tumors 
begin as areas of hyperplasia that later undergo a process of 
dedifferentiation (grades MV). Invasive tumors may arise 
from these lesions, but often are derived from non-papillary 
carcinoma in situ that usually is of high grade at presentation 
and tend to invade and progress to muscle invasion and 
metastatic disease. 

To date, many attempts have been made to pinpoint genetic 
changes that underly progression of bladder cancer as well as 
to identify molecular markers that correlate with tumor 
progression. Cytogenetic studies and molecular genetic data 
have shown that chromosomes 3p, 4p, 4q, 5q, 8p. 9p, 9q, 
lip I3q, 14q, 17p and 18q are frequently altered in bladder 
urothelial tumors (4,5 and refs. therein), and as a whole they 
have supported the notion that bladder cancer is a multistep 
process. Recently, Spruck et al (6) showed that chromosome 
9 alteiations occur early during development, while p}3 
mutations appear later in the process and confer invasive 
properties. The situation however is reverse in the case of 
Cis. as a large fraction of these lesions contain p53 mutations 
(5,6.8.9). Besides pointing towards two divergent pathways of 
bladder tumor progression, these studies implied that the order 
in which the genetic changes occur is important in determining 
the outcome of the lesion. 

Assessment of bladder cancer is based on a thorougn 
pathological examination of biopsy material which establishes 
the historical type 6f the tumor, its degree.of differenuauon 
(orade), and depth of invasion of the bladder wall (staging) 
UO-12) In spite of strict criteria for the pathological assessment 
of these lesions, there ex.s. a significant inter-patholog.st 
variation, a fact that emphasises the need for objective 
markers that may aid their classification. With this in m.nd 
we are exploring the possibility of using proleome (13) 
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expression profiles of these lesions as fingerprints to define, 
their grade of atypia and eventually their stage (3,14). So far. 
more than 400 tumors of various grades and stages have been 
analysed by two-dimensional polyacrylamide gel 
electrophoresis (2D PAGE), and preliminary experiments 
have shown that even though the overall protein expression 
profiles of tumors of the same grade and stage are very similar, 
there are important differences suggesting that morpho- 
logically 'identical' TCCs may be further subdivided (I). Of 
the biomarkers of TCC progression identified so far, the 
adipocyte-type fatty acid binding protein (A-FABP) is 
perhaps one of the most interesting as the levels of this' 
polypeptide have been shown to correlate both with the grade 
of atypia as well as with the stage of the disease (3). Given 
the putative importance of A-FABP as a progression marker, 
and since Anderson and Seilheimer (15) recently showed that 
post-transcriptiona) regulation of gene expression is a frequent 
phenomena in higher organisms, we have compared the levels 
of A-FABP mRNA and protein in non-invasive and invasive 
bladder TCCs expressing and lacking this protein. 

Materials and methods 

Tumors. Fresh bladder tumors were obtained immediately 
after transurethral resection.. The grade and clinical stage of 
the tumors were determined by the pathologist at the Aarhus 
Municipal hospital. Clean tumors devoid of blood clots were 
divided into small pieces for 2D PAGE and DNA, and RNA 
preparation. The latter were immediately frozen in liquid 
nitrogen and store at -80"C until use. 

l"Sj-methionine labeling and 2D-PAGE. In a few cases, 
small tumor pieces were labeled with [ 15 S]-methionine as 
previously described (3). 2D- PAGE was performed 
according to published procedures (16; see also hltp: 
//biobase.dk/cgi-bin/celis). 

RT-PCR. Frozen tumor samples were ground to powder in 
liquid nitrogen and total RNA was isolated using the acid 
guanidium isothiocyanale/phenol chloroform extraction 
procedure (17). The samples were treated with RNase-free 
DNases I (Pharmacia) to eliminate contaminating genomic 
DNA using the protocols recommended by the supplier. 
Poly(A)' RNA was prepared using Poly (A)' Quick columns 
according to the manufacturer's instructions (Stralagene). The 
synthesis of cDNA for RT-PCR reactions were carried out 
using the Gibco BRL Superscript Kit. Two pg of total RNAs 
was mixed with oligo -dTll primer. PCR buffer. MgCI, 
(25 mM). 0.1 M DDT and 10 mM dNTP. The mixture was 
incubated at 42"C for 5 min followed by the addition of 
Superscript ]] reverse transcriptase and further incubation at 
42'C for 50 min. The reaction was terminated by raising the 
temperature to 70*C for 15 min, followed by additional 
incubation at 37'C for 20 min in the presence of RNase H to 
deplete the RNA. Primers for known and cloned genes were 
purchase from Pharmacia as follows: A-FABP. Upper (from 
186-208 bp) 5 - GATCATCAGTGTGAATGGGGAT-37 
lower (from 374 397 bp) 5 -CATCCTCTCGTTTrCTCTTT 
ATG-3'. B-aclin upper 5 -GAGGTTGGCTCTGACTGTACC 
AC-3/lower 5-CrCATTCAGCTCTCGGAACATCTCG-3'. 
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stage 


AFABP protein' 


A-FABP mRNA" 


154 


GrII/Ta 


+ 




166-5 


CrII/Ta 






532-1 


Grll/Ta 


++++ . 




533-1 


Grll/Ta 


+ 


+ 


607-1 


GrII/Ta 


•- 


- 


692-1 


Grll/Ta 


" +++ . 


+++ 


709-1 . 


Grll/Ta 


- 


- 


763-1 


Grll/Ta 


++ 


++ 


t t 

Jo 1- 1 


only l a 


+ 


+ 


616-1 


Grll/Ta 


+ 


++ 


428-5 


CrlII/T r T 4 






570-2 


Grlll/T,-T 4 






612-3 


Grlll/T 2 -T 4 






711,1 


GrIIl/T 2 -T 4 






712-1 


GrJII/T r T 4 






727-1 


Grni/T r T 4 







■The levels of a A-FABP protein were determined based on the 
visual analysis of Coomassie Brilliant Blue stained gels and 
represent the average estimate of at least two different runs. Tumors 
scored as positive differed significantly with respect to the levels of 
the protein, and therefore are indicated with either four (very high), 
three (high), two (medium) and one (low) cross (see also Fig. 1); 
The mRNA levels were determined based on the intensity of 
Ethidium Bromide stained cDNA bands separated on agarose gel 
using the Bio-Rad Gel Doc 1000 system and represent the average 
estimate of ai least ihree independent experiments. Corresponding 
mRNA levels are represented by crosses as described above. 



PCR reactions were performed in a Progene thermal cycler 
using the Advantage Klen Tag Polimerase (Clontech). The 
cycling parameters consisted of 30 sec of denaturalion at 
94"C, with annealing of 30 sec at 60"C for B-actin or at 
64"C for A-FABP. The extension lime was for 2 min at 68"C 
for 29-40 cycles with the final extension of 7 min at 68"C. The 
PCR prqducls were separated on 1.5% agarose gel 
electrophoresis followed by ethidium bromide staining and 
photography under UV light. 

Results 

A FABP protein levels in non-invasive and invasive TCCs. 
One hundred suspected TCCs removed at the Department of 
Urology, Skejby Hospital, were analysed by high resolution 
2D PAGE and Coomassie Brilliant Blue staining. Of these. 
10 grade 11. Ta TCCs (Table 1) were chosen to correlate A- 
FABP protein and inRNA levels as these lesions yielded 
acceptable protein profiles both in terms of their purity as 
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Fieure I IEF 2D gels or whole cellular extracts from non-invasive and 
invasive TCO. A. TCC 532- 1 ; B, TCC-692- 1 ; C. TCC 763- 1 ; D. TCC 709- 1 
and E. TCC 71 1-1. Only the relevant area of the gels are shown. 
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assessed by monitoring for the absence of vimentin 
(contamination with connective tissue) and desmin 
(contamination with smooth muscle cells), as well as 
polypeptide resolution. In addition, reasonable amounts of 
these tumors were available for mRNA preparation. 

Table 1 shows the levels of A-FABP protein expression in 
the 10 tumors analysed by 2D PAGE.. The data were scored 
entirely based on ihe visual analysis of Coomassie Brilliant 
Blue stained gels and represent an average estimate of at 
least two different runs. Tumors scored as positive differed 
significantly with respect to the levels of this prote.n, and 
therefore are indicated with either four (very high), three 
(hi«h) two (medium) and one cross (low). Representative 
example of Coomassie stained 2D gels of tumors exhibiting 
very high (TCC 532-1, Fig. 1A), high (TCC 692-1. Fig. IB), 
medium (TCC 763-1, Fig. 1C) and undelectable levels (TCC 
709-1 and TCC 71 1-1 Fig. lD-E) of A-FABP are shown m 
Fig. 1 (only the ielevant area of the gels are shown). 

A-FABP mRNA levels in non-invasive grade II, Ta TCCs. 
Since in many instances only a limited amount of fresh lumor 
was available, we used RT-PCR to determine ihe levels of A- 
FABP mRNA in ihe ten TCCs analysed by 2D PAGE (Fig. 1). 
Following amplification, ihe PCR products were analysed by 
convenlional 1.5% agarose gel electrophoresis and visualised 
by ethidium bromide staining as shown in Fig. 2. The amount 



F.eure 2 RT-PCR analysis of A-FABP mRNA expression in non-invasive 
(Grll Ta) and invasive TCCs (Gr HI. T 2 -TJ. For RT-PCR analysis, the ss e- 
DNA was- synthesized by Reverse Transcriptase using total RNA. and used 
for RT-PCR amplification. The PCR products were resolved on 1:5* 
agarose gels and visualised under UV light following ethidium bromide 
staining The A-FABP panels show Ihe results of amplifications where the 
pair of gene specific primers was used to generate Ihe 220 bp UNA 
fragment. Amplification' of A-FABP was obtained after 30 cycles of PCR. 
The 8-ac.in panels represent the amplification of the B-acni. gene, wh.cn 
was used as an internal control to confirm that equal amounts of c-DNA were 
used in each reaction. 



of cDNA in each lane was normalised using several house- 
keeping genes so as to achieve a more accurate assessment of 
the expression of the A-FABP mRNA. As shown in Fig. 2. 
TCC 532- 1 exhibited the highest amount of A-FABP mRNA, 
followed by TCCs 692-1. 763-1. 616-1. 581-1. 154-1 166-5 
and 533-1. Undetectable levels of A-FABP mRNA were 
observed in the case of TCCs 607-1 and 709-1 (Fig- 2). 
Relative mRNA levels for the ten TCCs are g.ven in Table 1. 

A-FABP protein and mRNA levels in invasive grade 711. T„ 
TCCs Of the invasive TCCs (grade III, T 2 . 4 ) analysed by 2D 
PAGE only six yielded reasonable protein profiles for further 
study As shown in Table 1. none of these lesions expressed 
detectable levels of A-FABP as determined by Coomassie 
Brilliant Blue staining (fig. IE. TCC 71 1-1). In line w.th these 
results, the RT-PCR analysis of these tumors ^revealed 
undetectable level of A-FABP mRNA (Fig. 2. Gr 111 l 2 -i,. 
Table 1). 

Loss of A-FABP protein is not compensated by an increas ^" 
PA-FABP. Recent studies of A-FABP knockout m.ce have 
shown that ihe loss of AtFABP in fat tissue is competed 
by an increase in the skin fa.ty acid-b.nding protein mall (W 
Our studies, however, indicated that the human horm>lo 0 ue 
of mall PA-FABP (19). did not compensate for the loss oi 
A-FABP ei.her in .he noninvasive or the invasive tumors 
analysed in this s.udy (Fig. ID and E). In addition. Fig- i 
shows 2D gels of PS]-me.hionine labeled pro.e.ns from . wo 
»rade 11 Ta TCCs ( 192-4. T,; Fig. 3A and 192-4. TV. Fig. 3B). 



IEF->- 




Mr 


A 


Ik 

PA-FABP 

r A-FABP 

. A 












B 


PA-FABP 

1 A-FABP 






> 

r 









-12 



-12 



fj-aclin- 
A-FABP- 



Figure 3. Levels of A-FABP and PA-FABP protein in grade II, Ta tumors 
resected from the same patient. The two upper panels show the 2D gel 
auioradiograms of | >5 Sj-methionme labeled proteins from TCCs (grade II, 
Ta) resected from the same patient. A. TCC 192-9 tumor 4 and B,- TCC 
192-9 tumor I. Only the relevant area of the auioradiograms arc shown. The 
low panel shows the RT-PCR analysis of A-FABP mRNA expression in the 
same tumors (see also legend to Fig. 2). 



which differ significantly in iheir levels of A-FABP protein 
and mRNA (Fig. 3, low panel). As shown in Fig. 3, the 
decrease in A-FABP observed in TCC 129-4, T, is not 
accompanied by an increase in the PA-FABP protein (Fig. IE). 

Discussion 

Of ihe TCC progression markers identified lo dale, A-FABP 
is perhaps one of (he mosi inleresling as ils presence correlates 
both with the grade of alypia (p=0.0006) and the stage of the 
disease (p=0.0269) (3). A-FABP is a low molecular weight 
protein belonging lo a cylosolic multigene family of lipid- 
binding proteins that include heart, liver, intestinal, muscle, 
brain, skin and epithelial isoforms (20). Members of the 
FABP family are highly expressed in differentiated cells and 
show narrow tissue distribution. Their precise function is at 
present unknown, although there is evidence suggesting thai 
they may play roles in intracellular lipid Iransporl and 
melabolism, signal transduction (21,22) as well as growth 
control and differentiation (23). The role in signal transduction 
has been inferred from the fact that long-chain fatly acids and 
their metabolites can act as primary and second messengers 
in specific signalling pathways (24). Recently, il has been 
shown lhat A-FABP may play a central role in the pathway 
that links obesity with insulin resistance, most likely by 
connecting the faily acid melabolism with the expression of 
TNF a (18). Furthermore, there is evidence indicating that 
the A-FABP gene contains sequence information necessaiy 
for differentiaiion-dependent expression in adipocyles (25). 
Our own daia derived from the study of TCCs and normal 
urothelium suggest (hat A-FABP may be required rot normal 
urolhelium differentiation (I), as may be ihe case lor PA- 
FABP in Ihc skin ( 19). 



Considering ihe potential prognostic.. value of- A-FABP 
protein and/or mRNA in TCC progression it waV imrjbrtant to'' 
determine if the levels of both type of:rnacrornolecules 
correlated both in 'the non-invasive and the invasive lesions 
expressing and lacking A-FABP. The need for such correlation 
was underlined by recent studies of Anderson arid Seilhamer 
(15), who reported a lack of overall correlation between the 
mRNA and protein levels of. 45 rat proteins analysed by 2D 
PAGE in combination with cDNA arrays. Their data yielded a 
correlation coefficient of 0.45 which is half way between weak 
and perfect correlation. Clearly, our data showed a very'good 
correlation between ihe protein and mRNA levels of A-FABP 
in all tumors analysed indicating that the loss of A-FABP 
protein observed in. some tumors is not .due to post- 
transcriptional regulation. 

Recently, knockout mice carrying a null mutation in the 
aP2 gene encoding for A-FABP was produced (18). These 
animals do not show an obvious morphological or metabolic 
phenotype. but exhibit a 20-fold increase in the levels of the 
keraijriocyte lype FABP (mall), which may compensate for 
the loss of the deleted gene (18). The human homologue of 
the mall gene, PA-FABP, was cloned in our laboratory and 
has been shown to be highly upregulated in psoriatic skin as 
well as in abnormally differentiated primary keralinocytes 
(19). PA-FABP is expressed in normal urolhelium logether 
with A-FABP (3), and ongoing studies in the laboratory have 
shown lhat its level decreases significandy as tumors progress. 
Intereslingly, the studies reported in this article did not revealed 
a compensatory up- or down-regulation of PA-FABP in Ihe 
TCCs analysed, supporting the contention lhat PA-FABP may 
also play a role in cell growth and differentiation (19). 
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7*i* ARDSffl 12«,»JR«i.20«.«BUSA*«S*#Jlll»MIF*¥ 

(p<o.oi)o jsffia^fpftffffitt»feS*M«,jEiirwffl«+*jaMiFinRNA««ea&,roi3E 

ARDS »ffl*R + MIF ,*WJB .totii&Pilil ft MIF *tt,*aill 

ii6«ri*bMiF*JiMajL-%E«^te«fiSS:*BJfiffl^<. tftfe ARDsa#ltf»iiiF*¥*i*rH 
A*'httinift*& MF**.iMft<R*ft MiF*fti«^SEi«aiJsa?sfli«,a^ mif« ardssjpi 

The pathogenic role of macrophage migration Inhibitory factor In acute respiratory distress syndrome 

CUO Yubiao , XIE Canmao . Department of Respiratory Medicine , First Affiliated Hospital of Zhongihan Umersity , 
Guangzhou 510080, China 

[Abstract] Objective To investigate the expression and pathogenic rale of macrophage migration 
inhibitor/ factor( MIF) in human acute respiratory distress syndrome(ARDS) . Methods The serum level of MIF 
in ARBS patients; and normal persons were measured by EliSA method. Peripheral blood mononuclear cell 
(PBMC) MIF expression was determined by flow- cytometry. The expression of MIF mRNA and protein a the lung 
tissues were detected by using double immuno histochemistry labeling and in situ hybridization. RcsoJta The 
serum level of MIF increased significantly in ARDS patients as compared with normal poisons ( P < 0.01 ) ; The 
percentage of PBMC MIF expression was higher in ARDS patients than in normal controls ( P < 0.01 ) . In situ 
hybridisation and immunohistochemistry showed undetectable or weak MIF mRNA and protein expression n> normal 
lungs. In contrast, there was marked upregularion of MIF mRNA and protein expression in the ARDS lungs. In 
ARDS, macrophages infiltrated the alveolar space and interetitium , most of which also expressed MIF. Infiltrating 
macrophages were almost restricted to the areas of severe tissue damage. The MTF expression level showed a strong 
correlation with the number of infiltrating macrophages. Conclusions The serum level of MIF and PBMC MIF 
expression increased in ARDS patients with enhanced pulmonary MTF expression and macrophage infiltration, which 
suggests that MIF playB a pivotal role in the pathogenesis of ARDS. 

[Key words] Acute respiratory distress syndrome; Macrophage f Cytokine t Macrophage migration 
inhibitory factor 
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Abstract 

We previously reported that in hyperuricemia rats, renal impairment occurred and organic ion transport activity decreased, 
accompanied with a specific decrease in the expression of rat organic anion transporters, rOATl and rOAT3. and organic cation 
transporter, rOCT2. In the present study, we investigated the reversibilily of the organic ion transport activity and expression of organic ion 
transporters (s!c22a) during recovery from hyperuricemia. Hyperuricemia was induced by the administration of a chow containing uric 
acid and oxonic acid, an inhibitor of uric acid metabolism. Four days after discontinuance of the chow, the plasma uric acid concentration 
returned to the normal level, and renal functions such as creatinine clearance and BUN levels were restored, although the recovery of 
tubulointerstitial injury was varied in sites of the kidney. Basolateral uptake of p-aminnhippurate (PAH) and tetraethylammonium (TEA) 
and both protein and mRNA levels of rOATl, rOA'B and rOCT2 in the kidney gradually improved during 14 days of recovery from 
hyperuricemia. Basolatera! PAH transport showed a higher correlation with the protein level of rOATl (r 2 = 0.80) than rOAT.l (r" = 0 34) 
whereas basolateral TEA transport showed a strong correlation with rOCT2 protein (r = 0.91). The plasma testosterone concentration' 
which ts a dominant factor in the regulation of rOCI'2. was gradually restored during the recovery from hyperuricemia, hut the correlation 
between the plasma testosterone level and rOCT2 protein expression in the kidney was not significant. These results suggest that the 
regulation of organic ion transporters, rOATl, rOAT3 and rOCTl, by hyperuricemia is reversible, and the organic ion Iran'sport activity 
restores according to the expression levels of these transporters. 
© 2005 Elsevier Inc. All rights reserved. 

Keywords: Renal transport; Organic anion nansporter; Organic cation transporter; slc22a. Rats; Hyperuricemia 



1. Introduction 



Urinary excretion of various compounds including 
endogenous metabolites, drugs and xenobioiics is an 
important physiological function of the renal proximal 
tubules. In renal tubules, membrane transport systems 
mediate the tubular secretion, and several isoforms of 
organic anion and cation transporters have been character- 
ized [1,2]. Two organic anion transporters, OAT1 and 
OAT3, at the renal basolateral membrane mediated the 
renal tubular secretion of several anionic drugs including 
p-aminohippurate (PAH), nonsteroidal anti-inflammatory 
drugs, methotrexate and cephalosporins [3-8]. On the 
other hand, organic cation transporters, OCT1 and 
OCT2, were localized to basolateral membranes of renal 



tubular cells, and contributed to the transport of many 
canonic compounds including tetraethylammonium (TEA), 
cimetidine, monoamines and procainamide [8-12J. 

We previously reported that renal organic anion and 
cation transport activity across the basolateral membrane 
was decreased in hyperuricemic rats, accompanied with 
decreased expression of some organic ion transporters, 
rOATl, rOAT3 and rOCT2 [13]. In contrast, the renal 
expression levels of rOCTl, OAT-K1 and OAT-K2, kid- 
ney-specific organic anion transporters, and organic anion 
transporting polypeptide 1 (oalpl) were unchanged in 
hyperuricemic rat kidney [13]. Renal clearances of meth- 
otrexate and cimetidine were also decreased in hyperur- 
icemic rats, suggesting that the down-regulation of rOATl, 
rOAT3 and rOCT2 partly accounts for the decreased renal 
disposition of these drugs [13 J. 

Altered expression of renal organic ion transporters has 
been reported using several animal models with renal 
impairment induced by cisplatin and by subtotal nephrect- 



Abbrevialions: PAH, p-aminohippuraie; TEA, telraethylamraonium 
* Corresponding author. Tel.: +81 75 751 3577: fax: +81 75 751 4207. 
E-mail address: inui@kuhp.kyoto-u.ac.jp (K.-i. Inui). 

0006-2952/S - see front matter <g 20U5 Elsevier Inc. All rights reserved, 
doi: 10. 1 0 1 6/j.bcp.2C04. 1 2.004 

If 

PACE 2/22 • RCVD AT 5/11/2007 1 1 :29:48 PM [Pacfflc Standard Time] ' SVR:SVCS01/1 * DNIS:6034 • CSID:(613) 998-8841 • DURATION (mm-ss):20-04 



From C613) 998-8841 



Order # 06859614DP05739426 Sat 12 May 2007 02:29:22 AM EDT 



Page 3 of 8 



994 



Y. Habit et al./Biuchtmieal Pkarniacology 69 (2005) 993-999 



omy [14-17]. However, little information is available on 
the alterations in the expression of renal organic ion 
transporters during the recovery from renal impairment. 
On one hand, renal functions were decreased in hypcrur- 
icemic rats induced by the administration of a chow 
containing uric acid and oxonic acid, an inhibitor of uric 
acid metabolism f 1 SI- After administration of the chow 
was discontinued, renal functions such as the fractional 
reabsorpiion of sodium and phosphate were improved, 
although the urine concentrating ability, calcium reabsorp- 
tion and the capacity to excrete ammonium remained 
impaired [18]. Therefore, renal functions including renal 
organic ion transport might change at different rates during 
recovery from hyperuricemia in rats. 

In the present study, we examined the alteration of 
organic ion transport activity and the expression of organic 
ion transporters including rOA'1'1 , rOAT3 and rOCT2 in the 
kidney during recovery from hyperuricemia in rats. 



2. Materials and methods 

2.1. Materials 

D-[l- r TI(A/)]-mannitol (973 GBq/mmo!) and p-tglycyl- 
1- u C]-aminohippurie acid (1.9 GBq/mmol) were obtained 
from Perkin-fclmer™ Life Sciences. [l- l4 C] Tetraethy- 
lammoniuin bromide (2.04 GBq/mmol) was obtained from 
American Radiolabeled Chemicals. Oxonic acid and uric 
acid were purchased from Aldrieh and Wako Pure Che- 
mical Industries, respectively. All other chemicals used 
were of the highest purity available. 

2.2. Animals 

The animal experiments were performed in accordance 
with the Guidelines for Animal Experiments of Kyoto 
University. The experimental protocol was approved by 
the Animal Research Committee, Graduate School of 
Medicine, Kyoto University. Male Wistar rats weiglung 
1 90-235 g were fed ground rat chow and water freely for 
10-24 days. Hyperuricemia was induced with ground 
standard rat chow containing 2.5% uric acid and 5% oxonic 
acid for 10 days as described in our previous report (0-day 
recovery group) [13]. During recovery from hyperurice- 
mia, the rats were fed standard rat chow for 4, 7 or 14 days 
(4, 7 or 1 4-day recovery group). 

2.3. Biochemical tests 

The concentration of blood urea nitrogen (BUN) and 
creatinine in plasma and urine were measured by the 
urcasc-indophenol method and Jarre method using kits 
obtained from Wako Pure Chemical Industries, respec- 
tively. Plasma uric acid concentration was determined by 
high performance liquid chromatography as described in 



the previous report [13]. Plasma concentration of testos- 
terone was measured with an enzyme immunoassay kit 
(Cayman Chemical Company). 

2.4. Histological analyses 

Kidneys of rats during recovery from hyperuricemia 
were removed and immediately fixed lor 1 day at room 
temperature in camoy fixative (cthanol:chlorofonn:acetic 
acid = 6:3:1) and preserved in 70% ethanol. Conventional 
histological sections were stained with periodic acid-Schiff 
reagent [8]. 

2.5. Uptake of PAH and TEA into renal slices 

Renal slices were prepared with a Stadie-Riggs micro- 
tome and the uptake of [ U C|PAH (5 p.M, 0.93 kBq/mL) or 
[ U C]TEA (5 (iM, 1.03 kBq/mL) were measured as pre- 
viously described [13]. [ 3 H]Mannitol (5 \iM, 22.8 kBq/ 
mL) was used to calculate the extracellular trapping and 
nonspecific uptake of [' 4 C|PAH and | ,4 C]TEA as well as to 
evaluate the viability of slices. 

2.6. Western blot analyses 

Preparation of crude membrane fractions and Western 
blot analyses were performed as previously reported [13]. 

2.7. Northern blot analyses 

Total RNA was extracted from the kidney using TRJ- 
ZOL™ reagent (Invitrogen Co.). Then, Northern blot 
analyses were performed as previously described [13]. 

2.8. Statistical analyses 

The statistical significance of differences between mean 
values was calculated using the non-paired r-test, or by the 
one-way analysis of variance with the Scheffe test for post 
hoc analysis. P-values of <0.05 were considered signifi- 
cant 



3. Results 

Several physiological and biochemical parameters were 
measured during the recovery period of hyperuricemia in 
rats (Fig. 1). The body weight gradually increased during 
recovery for 14 days. Plasma uric acid returned to the 
normal level during the initial 4 days of recovery. Improve- 
ment of BUN, plasma creatinine and creatinine clearance 
during the initial 4 days suggested that renal functions have 
been recovered quickly. In contrast, urine volume returned 
to normal more slowly than the above parameters. 

Histological analyses of the kidney were performed and 
shown in Fig. 2. The tubular lumen was dilated in a diffuse 
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area filled with detached tubular epithelial cells and was 
infiltrated by moni>- and poly-nuclear cells in hyperurice- 
mic rat kidney (0-day recovery group) as previously 
reported [13]. Moreover, inflammatory cells also infiltrated 
into the interstitium and in tubules [13]. This tubulointer- 
stitial pathology was observed in the diffuse area on day 4, 
and visible in the focal area on day 7, which was almost 
disappeared on day 14 (Fig. 2). 

We then evaluated basolateral organic anion and cation 
transport activity by the uptake of PAH and TEA into renal 
slices ( Fig. 3). The PAH and TEA uptake into renal slices in 
the 0-day recovery group were much lower than those in 
normal rats. In the 4-days recovery group, PAH and TEA 
uptake were significantly increased compared with those in 
0-day recovery group. The PAH and TEA uptake in the 14- 
days recovery groups achieved similar uptake activity to 
those in control group at 30 or 60 min. 

The expression of rOATl, rOAT3 and rOCT2 protein 
during the recovery period of hyperuricemic rats was 
examined by Western blot analyses (Fig. 4). The expres- 
sion of these transporters of 0-day recovery group was 
significantly decreased in hyperuricemic rats compared 
with normal rats, and the expression levels of rOATl 
and rOAT3 in 7- and 14-days recovery group significantly 
increased compared with those in 0-day recovery group. 
The expression of rOCT2 protein gradually increased until 
14-days of recovery. 

The mRNA expression of rOATl and rOCT2 during 
recovery from hyperuricemia was analyzed by Northern 
blot analyses (Fig. 5). The mRNA expression of both 
transporters in the 0-day recovery group was much lower 
than that in normal rais, and the rOATl mRNA expression 



significantly increased in the 7- and 14-days recovery 
group compared with 0-day recovery group. Recovery 
of rOCT2 mRNA expression was significant on day 14. 
Moreover, the expression of rOATl and rOCl'2 protein was 
significantly correlated with that of mRNA, respectively 
(rOATl, P- = 0.66, P < 0.05; rOCT2, ? = 0.45, P < 0.05). 

We investigated the correlation between basolateral 
PAH and TEA transport and the protein level of rOATl, 
rOAT3 and rOCT2 (Fig. 6). Initial PAH transport at 15 min 
across basolateral membrane showed a high correlation 
with the protein level of rOATl (^ = 0.80, P < 0.05), but 
not with that of rOAT3 (r 2 = 0.34, P = 0.35). On one hand, 
basolateral TEA transport showed a high correlation with 
the protein level of rOCT2 (r 2 = 0.91 , P < 0.05). 

Finally, we measured plasma concentration of testoster- 
one, which was the dominant factor mediating sex-related 
difference in the expression of rOCT2 [19]. Plasma tes- 
tosterone concentration was decreased in the 0-day recov- 
ery group (control, 3.23 ± 0.59 ng/niL; 0 day, 1.08 ± 
0.10 ng/mL; mean±S.E., n = 6) and was gradually 
increased during the recovery period of hyperuricemia 
(4 days, 1.68 ± 0.45 ng/mL; 7 days, 3.61 ± 0.24 ng/mL; 
14 days, 4.5 1 ± 1.26 ng/mL; mean± S.E., n = 6). How- 
ever, plasma testosterone levels and the expression of 
rOCT2 protein did not show a significant linear correlation 
(Fig. 7, ^ = 0.14,^ = 0.14). 



4. Discussion 

Hyperuricemia is often the first clinical manifestation of 
gout and accompanies renal failure. Recently, serum uric 
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fig. 2. Periodic acid-Schiff staining of cortex (A-Cl, outer medulla (D-F) and inner medulla «J-1) in the serial picture from each typical rat kidney at 4— (A, D 
and G), 7— (B, E ami H) and 14 — (C, V and 0 days recovery from hyperuricemia; bar = 100 (Am. 



acid was found to be an independent risk factor for 
development of renal insufficiency in a study of 6403 
subjects [20]. Mazaali et al. reported that crystal-indepen- 
dent mechanism, mediated in part by activation of the 
renin-angiotensin system and downregulation of NO 
synthase expression, contributed to renal injury in hyper- 
uricemia [21]. Actually, we did not observe urate crystals 
in any pan of kidneys in our experiments (Fig. 2). We 
previously reported that plasma creatinine and BUN levels 
increased, and that basolateral organic ion transport activ- 
ity decreased, accompanied with specifically decreased 
expression of rOATl, rOAT3 and rOCT2 in the kidney 
of hyperuricemic rats [131. In this study, we investigated 



renal organic ion transport activity and the expression of 
rOAT 1 , rOAT3 and rOCT2 in kidney during recovery from 
hypeniricemia. 

During the initial 4 days, BUN, plasma creatinine and 
creatinine clearance were restored significantly (Fig. 1), 
suggesting that renal functions recovered quickly. On the 
other hand, the recovery of tubulointerstitial injury was 
varied in sites of the kidney, probably because of the 
different severity of damage as shown in Fig. 2. Organic 
anion and cation transport activity across basolateral mem- 
branes and the expression of organic ion transporters, 
rOATl. rOAT3 and rOCT2 in the kidney also gradually 
improved (Figs. 3 and 4). Interestingly, basolateral PAH 
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transport showed a higher correlation with the protein level 
of rOATl than that of rOAT3 (Fig. 6), demonstrating that 
rOATl was a dominant transporter mediating the basolat- 
eral uptake of PAH. Basolateral TEA transport showed a 
high correlation with the protein level of rOCT2 (Fig. 6). 
As far as we know, this is the first report demonstrating the 
restoration of renal organic ion transporters (slc22a) during 
recovery from renal impairment, accompanying the change 
of basolateral uptake of PAH and TEA in the kidney. 

The expression of rOCT2 is regulated by testosterone 
119 J. In contrast to rOCT2, renal expression of rOATl and 
rOCTl was not changed between male and female, sug- 
gesting little or no contribution of testosterone in the 
regulation of renal rOATl and rOCTl [22]. In addition. 



(A) Nonnal 
Day 0 



both plasma testosterone levels and the expression levels of 
rOCT2 decreased in 5/6 nephrectomked rats, where the 
expression levels of rOCT2 were restored by the admin- 
istration of physiological concentrations of testosterone 
1 171. In clinical cases, a lower serum testosterone level was 
reported to be associated with chronic renal failure |23,24]. 
In the present study, both rOCT2 expression and plasma 
testosterone concentration decreased in hyperuricemia, 
and were restored to normal during recovery from hyper- 
uricemia. However, the correlation between rOCT2 
expression and plasma testosterone concentration was 
not significant. These results suggested that the decreased 
plasma testosterone level was one of the determinants of 
rOCT2 expression in hypeniricemic rats. 
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Fig. 4. Western blot analyses of rOATl, rOAT3 and rOCT2 in crude membrane fractions from the kidneys during recovery from hyperuricemia. Crude 
membrane fractions from the kidneys of normal and hypcruricemic rats at 0, 4, 7 and 14 days of recovery were separated by SDS-PAGE. rOATl , rOATJ, rOCT2 
and Na + -K , -ATPuse n-1 subunit were identified with each antibody. The results in o typical experiment are shown in panel (A). The ratio of rOATl (B), rOAT3 
(C) and rOCT2(D) density toNaMC'-ATPasea-l subunit density. Kach point represents the mean * S.E. for three normal(O) and four hypeniricemic (#) rats 
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Fig. 5. Northern blot analyses of rOAT I and rOCT2 during recover)' from hyperuricemia. Total RNA (5 u.g) from die kidneys of normal nnd hyperuiicemic rats 
at 0, 4, 7 and 14 days of recovery was hybridized with rOATI , rOCT2 and GAPDII cDNA probes under high stringency. The results in a typical experiment are 
shown in panel (A). Densitometry of rOA'l 1 (JB) and rOCT2 (C) rnRNAs was corrected for loading with GAPDH mRNA. Each point represents the mean ± S.R. 
for two to four normal (O) and four hyperuricemic (•> ruts. T < 0.05. vs. normal raw. 7» < 0.05, vs. hyperuiicemic rats on day 0. 



The dosage regimen of various drugs for patients with 
renal insufficiency is generally determined according to the 
value of creatinine clearance. However, renal excretion of 
ionic drugs into urine is mediated not only by glomerular 
filtration but also by tubular secretion via organic anion and 
cation transporters. Actually, the dosage schedule based on 
creatinine clearance was demonstrated to be inadequate for 



ampicillin and cephalexin dosing in some patients with 
renal insufficiency [25]. Recently, we reported that the 
elimination rate of cefazolin, which is a substrate of 
hOAT3, was significantly correlated with the levels of 
hOAT3 mRNA in humans [26|. In the present study, 
basolateral uptake of PAH and TEA in the kidney was 
significantly correlated with the expression of rOATI and 
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Hg. 6. Correlation between protein lewis of rOATI ( A). rOAT3 (B) and rOCT2 (C) and irriiiul uptake activity of PAH (A and B) amlTR A (C> by the renal slices 
during recovery from hyperuricemia. The linear regression was obtained with the mean values of rOAT 1 , rOvYD and rOCTC at protein levels and initial uptake 
activity of PAII and TEA. Each point represents the mean ± S.C. obtained in Figs. 3 and 4. 
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Fig. 7. Correlation between plasma testosterone and KX.T2 protein levels 
in Ihe kidney during recovery from hyperuricemia. The linear regression 
was obtained with the plasma concentration of testosterone and rOCT2 
protein levels of 17 rats during recovery from hyperuricemia. 



rOCT2, respectively. Moreover, the recovery rate of 
rOAT], r()AT3 and rOCT2 expression was slower than 
that of creatinine clearance. Based on these findings, 
dosage regiments according to the activity of organic anion 
and cation transport in addition to creatinine clearance 
should be helpful for precise, dosage regimen in the patients 
with renal dysfunctions. 

In conclusion, renal expression of organic ion transpor- 
ters, rOATl, rOAT3 and rOCT2, was reversibly regulated 
by hyperuricemia, accompanying the change of organic ion 
transport. Although further clinical investigations on the 
expression levels of drug transporters in several disease 
states are needed, the expression profiles of drug trans- 
porters may be useful information for understanding the 
alteration of renal drug secretion. 
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Abstract 

'• Tumor galanin content was measured in extracts from human pituitary adenomas using a specific RFA method for monitoring human 
galanin. Twenty-two out of twenty-four tumors contained galanin with notably high levels in corticotroph adenomas, varying levels in 
clinically inactive tumors, and low levels in GH secreting adenomas. Tumor galanin and ACTII contents were closely correlated in all 
tumors. In four young patients with microadenomas and highly active Mb Cushing tumor galanin was inversely reltited to tumor volume. The 
molecular form of tumor galanin, studied with reverse-phase HPLC, was homogenous with the majority of tumor galanin coeluting with 
standard human galanin. In the tumors analysed with in situ hybridization there was a good correlation between galanin peptide levels and 
galanin mRNA expression. In some tumors galanin mRNA and POMC levels coexisted, in others they were essentially in different cell 
populations. Levels of plasma galanin-LJ were not related to tumor galanin concentration, and galanin levels were in the same range in sinus 
petrosus close to the pituitary venous drainage as in peripheral blood. Corticotrophin releasing hormone injections in two patients caused 
ACTII, but no detectable galanin release into sinus petrosus. Our results demonstrate that corticotroph, but not Gfl adenomas, express high 
levels of galanin, in addition to ACTH, and that in some tumore both polypeptides are synthesised in the same cell population. However, 
galanin. levels in plasma were not influenced by the tumor galanin content. 
© 21)03 Elsevier B.V. All rights reserved. 

Keywords: Acromegaly; ACTII; Cushing 's disease; OH; Pituitary tumor; Prolactinoma; Pro-opiomclonocortin 



1. Introduction 

Galanin was first isolated from porcine intestine in 1983 
by Tatemoto et al. [1]. In most species galanin is a 29 amino 
acid, C-terminally amidated peptide, whereas the human 
form contains 30 amino acids with a non-amidated C- 
terminal [2-5]. A major breakthrough was the cloning of 
the rat galanin gene from the rat anterior pituitary and 
hypothalamus, and the demonstration of its estrogen sensi- 



Abbreviations: LI, like imraunorcactivity; PAD, pathological anatom- 
ical diagnosis; TdT, terminal dcoxymiclcotidyl transferase. 

* Corresponding author. Tel.: 446-8-5 1 7-73065; fax: +46-8-517- 
73096. 

E-mail address: Eva.Grenback@ks.sc (F. Grenback). 

0167-0115/$ - see front matter © 2003 Rlsevier Tl.V. All rights reserved, 
doi: 1 0. 1 01 6/j.regpep.2fl03. 1 0.022 



tivity [6,71. Galanin has been shown to have multiple 
biological effects. Thus, it seems to be involved in, for 
example, regulation of feeding (see Refs. [8-10]), in 
learning (see Refs. [1 1,12]), and in responses to nerve injury 
and pain (see Ref. [13]). The first galanin receptor was 
cloned by Habert-Ortholi et al. [14] and subsequently two 
further gatanin receptor subtypes were identified [15,16]. 
The creation of a galanin knock-out mouse [17] and of 
galanin overexpressing mice [18-20] have provided new 
insights into the physiological roles of galanin. 

Galanin-like immunoreactivity (LI) is spread throughout 
the central nervous system, including the hypothalamus, 
with the most intense immunoreactivity in the median 
eminence [21-24], suggesting participation in neuroendo- 
crine processes controlling anterior pituitary hormone se- 
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cretion (see Rets. [9.25-27J). For example, galanin 
increases GH secretion not only in animal models but also 
in humans. Thus, given intravenously (i.v.) to man galanin 
gives rise lo a GH peak, delayed in lime but equal to and 
additive to that produced by GHRH [28.29J. On the other 
hand, galanin has been shown to inhibit the hypothalamo- 
pituilary -adrenal (HPA) axis [30-33]. Galanin has been 
proposed to act as a mitogen in estrogen-induced prolacti- 
nomas in the rat [34,35]. Galanin gene expression also 
shows a direct correlation to somatotroph hyperplasia in 
GHRH transgenic mice [36J. 

In the rat pituitary galanin is mainly present in the 
lactotrophs [7], whereas in the human pituitary galanin is 
coexpresscd with ACTH. Thus, several groups [37-44] 
have studied galanin-LI in pituitary adenomas establishing 
its presence in ACTII-producing adenomas, but with vary- 
ing results as to its presence in somatotroph, lactotroph and 
clinically inactive adenomas. 

The aim of this study was to investigate the presence, 
concentration and molecular fonn(s) of galanin in different 
types of pituitary adenomas using an extraction procedure 
and a newly developed radioimmunoassay (R1A), as well as 
reverse-phase (RP)-HPLC. In addition, we wished to com- 
pare tumor and serum levels of galanin to some other 
pituitary honnones, with special reference to the ACTH- 
cortisol axis. Finally, some tumors were analysed with in 
situ hybridisation for expression of galanin and POMC. The 
results of these analyses were correlated to clinical data. 
Preliminary data from this investigation have previously 
been reported [45]. 

2. Material and methods 

2.1. Patients 

Samples for tumor extraction were obtained from 24 
patients with pituitary adenomas (Table 1), 15 women (26- 
78 years, mean 49.7 years) and 9 men (31 74 years, mean 
53.3 years) who underwent transsphenoidal surgery at the 
Department of Otorhinolaryngnlogy, Karolinska Hospital. 
Seven patients had hypersecretion of ACTH, six of GH, and 
one of prolactin (PRL). Ten tumors were clinically inactive 
(Table 1). The tumors were identified by clinical symptoms 
and signs as well as magnetic resonance imaging scans. The 
size of the seven ACTH-producing tumors was measured on 
contrast-enhanced Tl -weighted coronal and sagittal images 
after correction for scaling. The standard formula for vol- 
ume measurement of a rotational ellipsoid was used for 
volume calculations [46]. The size of the remaining tumors 
was assessed with stage and grade according to Hardy and 
Wilson (see Ref. [47]). Separate tumor samples were also 
analysed in the Department of Pathology of the Karolinska 
Hospital. 

The patients with dishing 's disease had clinical symp- 
toms and signs of hypercortisolism. The diagnosis was 



confirmed by elevated ACTH and Cortisol levels, absent 
diurnal rhythm, pathological CRH-test (n-6) with sinus 
petrosus sampling (n = 4) or low and high dose dexameta- 
sone (n=\). All had pituitary microadenomas visible on 
MR] scans. They were all cured clinically and biochemi- 
cally after surgery. Separate pathological anatomical exam- 
ination confirmed a pituitary adenoma in six cases. In one 
case (#6) there was insufficient material for analysis. 

Galanin was monitored in two patients during sinus 
petrosus sampling. Samples were not available for galanin 
analysis from a further two patients who underwent sinus 
petrosus sampling, confirming in both cases ACTH produc- 
ing pituitary adenoma. For control, plasma samples were 
collected from 22 healthy individuals (12 men, 28-55 years 
old; 10 women 25-62 years old). 

The study was approved by the Ethics Committee of 
Karolinska Instimtet (nos. 96-145 and 99-326). 

2.2. Samples 

Tumor samples for extraction and in sim hybridisation 
were collected at surgery, placed on dry ice and kept frozen 
at 70 "C. 

Blood samples for galanin measurement were collected 
in EDTA plasma tubes in the morning fasting state prior to 
surgery and during sinus petrosus sampling. Samples were 
placed on ice and centrifuged at 4 "C (2400 rpm) for 10 
mm. Plasma was withdrawn and stored at 70 °C until 
analysis.. 

2.3. Extraction procedure 

For extraction, fro2en tumor tissues were weighed, cut, 
still in frozen state, boiled for 10 miri in acetic acid (1 mol/ 
1), cooled on ice, homogenized and centrifuged for 1 0 rnin 
(2000 rpm) at 4 °C. After collection of the supernatant, the 
pellet was resuspended in water, followed by a second 
boiling, homogenization and centrifugation as above. The 
supematants from these two extraction procedures were 
pooled, lyophilised and stored at 4 °C. Samples were 
reconstituted in phosphate buffer (0.05 mol/1; pH 7.4) before 
assay. 

2.4. Gel permeation chromatography 

Gel permeation chromatography was performed on one 
tumor rich in galanin (#5; Table 1). A Sephadex G-50 
Superfine (Pharmacia, Uppsala, Sweden) column (2.6 x 97 
cm) was equilibrated and eluted at room temperature with 
formic acid (0.1 mol/l) with 0.02% sodium azide. Void 
volume (V 0 ) was determined with Dextran blue and total 
volume (V x ) with ~Na. Human synthetic galanin (Peninsula. 
Belmont, CA) in RIA buffer was used for column calibra- 
tion. Tumor extract (50 ul in I ml water) was eluted at a flow 
rate of 15 ml/h, and the eluate was collected in fractions 
(2 ml), which were lyophilised and stored at 4 °C until 
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Table 1 

Twenly-four patients with pituitary uimors operated between 1994 and 1996 



Inactive: clinically inactive adenoma. 
Patients ure arranged according to tumor type, and age. Rex, rumnr galanin content (T-GAI.) and plasma galanin (P-GA1 .) arc listed. 
1 Below detection limii in the RlAr-For the purpose of calculation, they were assigned values of 20 pmol/1, i.e. the limit of detection. 



assay. For RIA, each fraction was dissolved in J 00 ul RIA 
buffer. 



H 2.5. Reverxe-phase-HPLC 



Extracts from the nine adenomas containing the largest 
amounts of galanin, i.e. seven ACTH-secreting adenomas 
(#1-7; Table 1) and two clinically inactive adenomas 
(#16, #19; Table I) were analysed with RP-HPLC. A 
218TP Cu-Column (5 urn, 4.6x250 mm) from Vydac 
(Hesperia, CA) was used to separate the galanin-Ll. The 
samples were eluted (1 ml/rain) with a linear gradient of 



Table 2 

Seven patients with ACTH producing pituitary adenomas 



water/acetonitrile (HPLC-grade, Merck, Darmstadt, Ger- 
many) with 0.1% trifluoroacetic acid (Merck) increasing 
from 20% to 70% by 1%/min. Aliquots of 0.5 ml were 
sampled. The fractions were lyophilized and redissolved in 
100 ul RIA butter before analysis. One sample with very 
high galanin content (#1; Table 2) was diluted 1:10 before 
chromatography. 

2.6. Radioimmunoassay 

Antiserum to human galanin(l -30) was produced as 
described before f481. Briefly, human galanin(l -30) was 



Pat. 
id. # 



T-gal, pmol/ 
mg protein 



T-ACTH. pmol/ 
mg protein 



P-ACTII, 
pmol/1 



S-Cortisol, 
ntiiol/1 



. U-Corlisol. 
nmol/24 li 



1 


620.16 


2737.4. 


60 


1190 


2360 


2 


587.31 


1302.24 


7.3 


576 


1985 . 


3 


111.19 


657.27 


30 


476 


3192 


4 


850.67 


72666.67 


17 


639 


3394 


5 


82.) 5 


18860 


36 


794 


794 


6 


247.38 


4065.04 


15 


579 


1056 


7 


"43.51 


551.05 


5.2 


558 


846 



The tabic shows rumor tissue content of galanin (T-GAL) and ACTH (T-ACTH) in pmol/mg protein, morning Tasting blood levels ofACTII and Cortisol and 24 

h urinary Cortisol excretion. 

Reference ranges: P-ACTH. 2-11 pmol/1. 

S-Qntisol, 170-600 nmold. 

U-Cortisol. 70- 500 nmol/24 h. 



PACE 12/22 • RCVD AT 5/11/2007 11:29:48 PM pacific Standard Time] • SVR:8VCS01/1 * DN1S:6034 • CSID:(613) 688-8841 • DURATION (mm-ss):20-04 



From (613) 998-8841 



Order # 06859634DP05739473 Sat 12 May 2007 02:36:20 AM EDT 



Page 5 of 14 



130 



£ Crcnbdck el al. / Regulatory Peptides 117 (2004) 127-1)9 



i 



t 

A 

:•>■ 



synthesized by Fmoc-solid phase synthesis and purified to 
apparent homogeneity by RP-HPLC. Five mg galanin were 
coupled to 30 mg keyhole limpet heinocyanine with 0.25 mg 
carbodiimide. New Zealand white rabbits were immunized 
with 0.25 mg peptide equivalent dissolved in I ml saline 
emulsified in 1.5 ml complete Freunds adjuvant (Sigma, St 
Louis, MO). Booster injections at 4-6 weeks intervals were 
done with 0.08-0.1 mg peptide equivalent mixed with 1.5 
ml incomplete Freunds adjuvant. The antiserum used was 
obtained 10 days after the third booster injection. 

Fbal antibody concentration in the assay was 1 :750,000 
yielding a 30% binding. Synthetic human galanin (Penin- 
sula) was used as standard and ,25 I-labelled human galanin 
(New England Nuclear, NL£N, Boston, MA) as tracer. 'The 
RIA buffer was a phosphate buffer (0.05 mo l/l; pH 7.4) 
containing 0.1% BSA, 0.02% NaN 3> 0.01% Triton X, and 
10 ml Trasylol/I buffer. 

In the assay, 100.nl of standard or samples in duplicates 
(or in single samples from chromatography) were preincu- 
bated with 100 jil antibody for 24 h at 4 °C. After the 
addition of 100 u,l tracer (approx. 8000 epm) incubation 
continued for another 24 h. Free and bound radioligand 
were separated by adding 500 ul sheep anti-rabbit anti- 
bodies (Pharmacia decanting suspension; Pharmacia, 
Uppsala, Sweden). After 30 min incubation and addition 
of 500 ul water, the samples.were centrifuged at 4 °C (3000 
rpm) for 15 min and decanted; and the radioactivity in the 
bound fraction was counted in a gamma counter. 

Serial dilutions of tumor extracts showed good parallel- 
ism with the standard curve. Non-specific binding in the 
RIA was 2%. Detection limit was 20 pmol/L and 1C50 312 
pmol/I. Intraassay variation was 5% and interassay variation 
14%. 

Crossreactivity was measured at 50% binding, or at the 
highest binding for those peptides not attaining a 50% 
binding. In this assay, there was 62% cross-reactivity with 
rat galanin, 36% with galanin(l-16), and 0.8% with pan- 
creastatin, whereas less than 0.1% was found for gala- 
nin(20-30), galanin message-associated peptide(l-4l) or 
- (44-49), CRH, GHRH, somatostatin, vasoactive intesti- 
nal polypeptide, peptide histidine-isoleucine, calcitonin 
gene-related peptide or oxytocin. 

ACTH in tumor tissue was analysed by an immunor- 
adiometric assay (IRMA) from Brahms Diagnostica (Berlin, 
Germany) using two monoclonal antibodies recognizing 
different binding sites on the antigen. The assay was carried 
out in two steps to prevent antigen excess resulting in falsely 
low values. The tumor samples were diluted stepwise with 
the zero-standard. 

Protein content was analysed with the Bio Rad Protein 
Assay (BioRad, Munich, Germany). 



2. 7. Preparation of probes 

Altogether three oligonucleotides (Scandinavian Gene 
Synthesis, Koping, Sweden) were used in this study for in 



situ detection of POMC mRNA (n = 1 ) and human galanin 
mRNA (n -2). Oligonucleotides were designed as below 
from published gene sequences. 

(A) Oligonucleotide complementary to POMC mRNA 
[49]: 

(i) 5'GCCCTCCCGTGGACTTGGCTCCGCACGGC- 
CATCTCCCCCCGCCGTCTCTTCCTC3' 

(B) Oligonucleotides complementary to human galanin 
mRNA [3]: 

(i) 5'CTGTGG1TGCCAACGGCATGTGGGCCCA- 
GCAGGTAGCCCGCGCTGTTC3' 

(ii) 5'GTCAAAGCTTCCTGGTTTCATGTCATC- 
1TCGGGCCGCAGCACCCGCIT3' 

All oligonucleotides were chosen in regions presenting 
few homologies with sequences of related mRNAs, and tliey 
were checked against the Genbank database. 

The oligonucleotides complementary to human galanin 
mRNA were labelled as previously described [50] at the 
3'-cnd using terminal dcoxynuclcotidyl transferase (TdT) 
(Amersham, Amersham, UK) in a cobalt-containing buffer 
with 35 S-dATP (New England Nuclear, Boston, MA, 
USA) to a specific activity of 1-4 x 10 9 epm/fig and 
purified in Nensorb-20 columns (New England Nuclear). 
The oligonucleotide complementary to POMC mRNA was 
labelled by tailing at the 3'-end with digoxigenin-1 1- 
dUTP (Boehringer Mannheim, Mannheim, Germany) 
according to published protocols [51]. Briefly, 100 pmol 
of each probe were incubated in a final volume of 20 
u.1 with 1 nmol of digoxigenin-1 1-dUTP, 9 nmol of dATP 
(Sigma), 50 units of TdT and 4.2 {il of cobalt-containing 
buffer. After 45 min at 37 °C the reaction was stopped 
before purification by ethanol precipitation, and probes 
were then stored at -20 °C. 

2.8. In situ hybridization procedures 

The frozen pituitary tumors were cut at 14 urn thickness 
in a cryostat (Microm, Heidelberg, Germany) and thaw- 
mounted onto Probe On slides (Fisher Scientific, Pittsburgh, 
PA). The sections were then processed as described earlier 
[50], In brief, tissue sections were air-dried and incubated 
for 16 h at 42 °C with 0.5 ng of each of the two 
radioactively labelled human galanin probes and 10 nmol/ 
1 of the digoxigenin-labelled POMC probe. The probes were 
diluted in a hybridization solution containing 50% deionized 
formamide (Baker, Deventer, The Netherlands), 4 x stan- 
dard saline citrate (SSC, 1 x SSC = 0.15 M NaCl and 0.015 
M NaCitrate), I x Denhardt's solution (0.02% bovine 
serum albumin, 0.02% Ficoll (Pharmacia), 0.02% polyvi- 
nylpyrrolidone}, 0.02 M NaP0 4 (pH 7.0), 1% A r -lauroyl- 
sarcosine, 10% dex trail sulphate (Pharmacia), 500 mg'' 
1 denatured salmon testis DNA (Sigma) and 200 mM 
dilhiotreitol (Sigma). After hybridization, the sections were 
rinsed in l x SSC, 4 x 15 min at 55 °C followed by 30 min 
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at room temperature. The sections were then immersed for 
30 min in buffer A (0.1 M Tris, pH 7.5, 1 M NaCl, 2 mM 
MgCl 2 ) containing 0.5% bovine serum albumin (Sigma) and 
incubated overnight at 4 °C in die same solution with 
alkalinc-phosphatase conjugated anti-digoxigenin l'(ab) 
fragment (1:5000; Bochrmgcr Mannheim). Afterwards, they 
were rinsed 3 x 10 min in buffer A and' twice in buffer B 
(0.1 M Tris, pH 9.5, 0.1 M NaCl, 5 mM MgCl 2 ). Alkaline- 
phosphatase activity was developed by incubating the 
sections with 44 ul NBT and 33 ul BC1P (Gibco, Gaithers- 
burg, MD) diluted in 10 ml buffer B. The enzymatic 
reaction was stopped by extensive rinsings in distilled water 
and in buffer B. 

The sections were air dried and coated twice with 3% 
collodion dissolved in amyl acetate (LKB, Stockholm, 
Sweden) [52]. They were then dipped into Uford ICS nuclear 
emulsion (Ilford, Mobberly, Cheshire, UK) diluted 1:1 with 
distilled water, exposed for 3 weeks, developed in Kodak 
D19 for 3 min and fixed in' Kodak 3000 for 8 min. After 
mounting in glycerol, the sections were analysed in a Nikon 
Microphol-KX microscope equipped with a dark field 
condenser. 

2.9. Stutislicul analysis 

Results are presented as mean ± SF.M, unless otherwise 
stated. Comparisons between groups were assessed by 
Mann -Whitney Rank Sum test or by one-way ANOVA, 
followed by Duncan's Multiple Comparison procedure. 
When applicable, non-normally distributed variables were 
log transformed before analysis, in order to . get a more 
closely approximated Gaussian distribution. Correlations 
were performed using least square linear regression analysis. 
For the purpose of calculation, undetectable levels of 
galanin (#8, 22) were assigned values of 20 pinol/1. Statis- 
tical significance was set at p<0.05. Statistical analyses 
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Fig. I. Galanin concentration in 24 pituitary adenomas arranged according 
tn tumnr type Box plots indicate the median and the lower and upper 
quaniles, the whiskers the 1 0th and 90th percentiles, and the outliers are 
shown as circles. 
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Fig. 2. Tumor galanin content related to tumnr volume in seven patients 
with ACTH secreting adenomas. Patients number and age are given in the 
figure. Dots indicate young patients, triangles old ones. 

were performed using SigmaStat for Windows (Jandcl 
Sientific, Erkarth, Germany). 



3. Results 

3.1. Tumor samples 

Galanin-LT was present in extracts from 22 of the 24 
pituitary adenomas examined in this study (Table I ; Fig. I). 
High levels of galanin-LI ranging between 43.5 and 851 
pmol/mg protein (mean 363 pmol/mg) were found in the 
seven adenomas from patients with Cushing's disease (#1 - 
7, Table 2). The six GH-producirig adenomas contained low 
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Fig. 3. Tumor galanin content related to rumor ACTH content in 24 
pituitary adenomas specified to tumor type. There is a good correlation 
between galanin and ACTH tumor concentration (/-=0.932; /><0.001). 
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Fig. 4. Tuuior galanin content related to 24 h- urinary Cortisol excretion in 
seven patient:; with ACTH secreting pituitary adenomas. Ewlusioi) of 
patient #3 results in r = 0574; p< 0.001. If included r=0.6!4; /><0.142. 



amounts of galanin-LI, from 0.04 to 1 .87 pmol/mg protein 
(mean 0.41 pmol/mg) (#8 13, Table 1). Also, the single 
prolactinoma had very low galaniu-LI (#14, Table 1). 

The 10 clinically inactive adenomas contained varying 
amounts of galanin-LI (#15 24, Table 1). Five of these 
adenomas had low galanin content, ranging from 0.13 to 
1.85 pmol/mg (#17, 20-23, Table 1), three had levels in the 



intermediate range (5.67-17.1 pmol/mg; #15, 18, 24), 
whereas two adenomas were rich in galanin-LI (99.9 and 
199 pmol/mg; #16, 19, respectively). There was no corre- 
lation between galanin levels, or patients age, or sex, 
irrespective of tumor type. Tumor volume did not correlate 
to tumor galanin or ACTH-content in the seven patients 
with Mb Gushing (Fig. 2) (r~ 0.638; p = O.I23). However, 
the four youngest palienls, who also exhibited the highest 
Cortisol per 24 h (#14, Tabic 2) had an inverse relation 
between tumor-galanin and volume (Fig. 2). 

ACTH was detectable in all adenomas studied, and there 
was a close correlation between galanin-LI and ACTII levels 
in the adenomas as a group (r=0.932, /?<0.001; Fig. 3), as 
well as in the clinically inactive adenomas (r = 0.9!9, 
/xO.001), but a less strong correlation among the Gil 
adenomas (r~ 0.8429, p<0.05). The seven cortieolroph 
adenomas did not show any correlation between galanin 
and ACTH content (r= 0.434): In litis group of patients 24- 
h urinary Cortisol excretion correlated strongly to tumor 
galanin-LI in six out of seven patients (Fig. 4). In the seventh 
patient (#3) comparatively low tumor galanin-LI and ACTH 
values were associated with high urinary Cortisol. This 
patient had the largest tumor in the Mb Gushing group. No 
correlation was found between urinary Cortisol excretion and 
tumor ACTH levels, nor did plasma ACTH or serum Cortisol 
relate to tumor galanin-LI or ACTH content (Table 2). After 
surgery, all these patients had subnormal Cortisol levels. One 
patient (#2) had recurrent disease a few years later. 
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Fig. 5. Sinus petrosus sampling during CRM 'stimulation test in two patients with A(TI"H-protlucing tumors (04 and 7; Table I). After injection of 100 uy human 
CRH (Corlicobiss'* , Bisseiidorf, The Netherlands), samples were drawn from right and left cavernous sinus and peripheral vein at - 1, 0, 2, and 5 min and 
analyzed for ACTH and galanin. 
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3.3. Chromatography 



Galaniti'L) in peripheral blood was measured in all but 
five patients (Table 1). The levels ranged from undetectable 
to 130 pmol/I (mean 54.2 ± 30 pmol/1). There was, howev- 
er, no correlation to tumor type, nor to tumor size, galanin- 
LI content, patient age or sex. (not shown). 

Galanin-Ll in plasma from healthy controls was 93.7 ± 
44 pmol/1 (101.9-48.7 pmbl/l in me men and 83.9-37.6 
pmol/1 in the women), i.e. it was higher in controls than in the 
patient group. These control samples were collected 5 years 
after the patient samples and analysed with a slightly 
modified R1A including Trasylol to further prevent peptide 
degradation. Galanin-LI and ACTH were measured in sinus 
petrosus blood samples from two patients with Cushing's 
disease (#4, 7) after CRH stimulation (Fig. 5). A rise in 
plasma ACTH was noted in the left sinus of both patients, 
with no change in peripheral ACTH levels. No effect was 
observed on levels of galanin-LI in sinus petrosus or in the 
periphery, nor did basal plasma concentrations of galanin-Lf 
in sinus petrosus differ from those in the periphery. Thus, 
there was no correspondence to the high levels ofgalanin-LI 
detected in tumor extracts from these two patients. 
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Gel permeation chromatography of one tumor (#5. Table 
l) revealed one major peak of galanin-LI with the same 
retention as synthetic human galanin. RP-HPLC of nine 
adenoma extracts (Fig. 6) showed that in eight of these 
tumors the majority of galanin-LI had the same retention as 
synthetic human galanin (16 min) (Fig. 6A). The main peak, 
with galanin-like material was preceded by a smaller one 
with an elution time of 9-11 min in six extracts and of 13 
.min in two tissue extracts. One adenoma (#6, Table 1) 
differed from the rest, in that there was only one major 
chromatographic peak with galanin-like material with a 
longer retention time (20 min) coinciding with synthetic 
galanin( 1-16) (Fig. 6B). 

3.4. In situ hybridization 

The in situ hybridization analysis showed that the pieces 
of the various tumors processed with this technique could be 
divided into at least three groups with regard to galanin 
expression, (i) A galanin signal was found in a large number 
of cells, sometimes apparently all uells of the tissue piece; 
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Fig. 6. (A, R) Reverse-phase high performance liquid cliromntography of galanin immnnorcsctivity in pituitary extracts. (A) Results arc mean + SEM of eight 
pituitary adenomas. (R) Results of one pituitary adenoma. (C) Ehitiou of human galanin ( 1-30). (D) Rlutinn of galanin 1-16. Please note different scale in (C). 
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Fig. 7. (A-C). Darkficld micrographs of ACTH-producing adenomas (A, C, #1; B, #2) after hybridiziliun with probes complementary to prepro-galanin 
mRNA (A, B) and after addition, of excess of cold probe (C). A very strong signal is seen evenly distributed over both rumors (A, B) but only few grains in the 
cunrruls (C). Scale bar indicates 50 |im fur all micrographs. 




Fig. 8. (A-E) Darklield (A-C), brtghtfield (E) and combined dark-and brighrfield (D) micrographs of ACTH-producing adenoma (#4) after double- 
hybridization with radioactive probes complementary to prepro-galanin inRNA (A, C, D) and non-radioactive probe complementary to POMC mRNA (D, !".) 
or ufler hybridization with an excess of galanin cold probe (H). A strong galanin signal (bright grains) is seen in strands within the tumor tissue (A, C), and the)' 
arc complementary tn the POMC mRNA (dark labelling) distribution (C E). No signal is seen in the control section 03). Scale bars indicate 50 urn (A= B; 
C=D = E). 
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(ii) a limited number of cells expressed galanin mRNA; and 

(iii) no galanin mRNA expression could be detected. Two 
tumors showed an extremely strong signal that could not be 
blocked by an excess of cold probe, that is the signal was 
considered to be unspecific. 

To group (i), i.e. strongly galanin mRNA expressing 
tumors, belonged patients #1 (Fig. 7A), # 2 (Fig. 7B) and 
#4 (Fig. 8A, C), whereby one of the two pieces analysed of 
tumor #2 showed a less compact distribution (data not 
shown) and #4 showed a markedly uneven distribution with 



distinct bands of positive cell groups separated by areas with 
a low signal (Fig. 8A, C). Tumor #5 showed a signal all over 
the sections but of a comparatively low intensity (data not 
shown). To the second group (ii) with a limited number of 
cells expressing galanin mRNA belonged tumors #3 (Fig. 
9A) and #19 (Fig. 9D); in the latter galanin-positive cells 
often formed small groups (Fig. 9E). In fact, in general the 
tissue piece of this tumor processed for in situ hybridization 
appeared to have a normal pituitary morphology at the 
cellular level (Fig. 9E). In group (iii) no detectable signal 
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Fig. M. (A-F) Oaikfield (A, D-F), brightficld (C) arid combined dsrk-and brightficld (B) micrographs of ACTH-producing adenoma (#3) (A-C) and of a 
clinically inactive tumor (#19) (D F) after double-hybridization with radioactive probe complementary to prepro-galanin mRNA and non-radioactive probe 
complementary to POMC mRNA (A-C) or after hybridization whh probe complementary to prepro-galanin mRNA without (D) or with (E) bisbenzimide 
contrast staining, or after hybridization with an excess of cold probe added to the hybridization cocktail (F). (A-C) Double in situ hybridization reveals several 
cells expressing both prepro-galanin mRNA (bright grains) unil POMC mRNA (dark labelling) (small arrowheads) as well as POMC mRNA-posilive and 
prcpro-galanio mRNA-ncgatiye cells (big arrowheads). (D-F) Note strong signals in restricted areas of the tissue (A) which in B can often be scat to consist of 
small groups of cells (small arrowheads). Big arrowheads point to negative cell groups. Note low signal in the control experiment (F). Scale bars indicate SO u"> 
(A-B-C; D<=E = F). 
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was observed in tumors #10, #16, #17, or #21 (data not 
shown). 

Some tumors were processed for double in situ hybrid- 
ization with a non-radioaclivc POMC mRNA probe. A high 
degree of coexistence was observed in tumors #1 and #3, 
whereby this was observed in the majority of cells in tumor 
#3, but POMC mRNA-posilive, galanin mRNA-ncgalivc 
cells were also observed (Fig. 9A- C). In tumor #1 all 
galanin mRNA positive cells had a POMC mRNA signal. 
Tumor #4 showed a clear separation between the non- 
radioaclivc POMC mRNA signal and the radioactive galanin 
signal (cf. Fig. 8E with C and D), suggesting synthesis in 
separate cells. However, POMC mRNA-galanin mRNA 
coexistence situations could not be excluded. Finally, in 
some tumors (eg. #10 and #21) a very strong signal was 
observed after incubation with the galanin mRNA probes. In 
all other tumors described above (Figs. 7C, KB and 9F), the 
signal could be blocked by addition of an excess (100 x ) of 
cold probe, except in tumors #10 and #21 . They had a very 
strong signal which was observed to the same extent after 
addition of cold probe (data not shown). In agreement, both 
tumors (#10, 21) had very low galanin levels as monitored 
withRIA. 



4. Discussion 



In this study, using a R1A for human galanin, we demon- 
strate high levels of this peptide in. extracts from ACTII- 
producing pituitary adenomas, moderate and varying galanin 
levels in clinically non-functioning adenomasarid low or not 
detectable levels in GH-and PRL-prpducing adenomas, with: 
a good correlation to ACTH levels -in the adenomas. More- 
over, the RIA data were supported by the in situ hybridiza- 
tion results; a significant galanin signal was only found in 
the corticotroph adenomas. Double in situ hybridization 
revealed coexistence of galanin mRNA and POMC mRNA 
in most tumors, although a clear cellular dissociation of the 
two transcripts was seen in some other tumours: 

When discussing these results, one should keep in mind 
that different parts of the tumor tissue sample were analyzed 
in each of the various assays. Thus, differences in distribu- 
tion of various markers within the tumor should be consid- 
ered. Such differences were, in fact, encountered in the in 
situ hybridization analysis. 

4.1. Galanin in corticotroph. adenomas 

A number of studies, using mainly immunostaining and 
in situ hybridization, have demonstrated presence of galanin 
in pituitary adenomas, especially in ACTH-producing 
tumors (see Table 3 for overview). Here we show that 
galanin levels in pituitary adenoma extracts vary with tumor 
type and correlate strongly with ACTH levels, supporting 
previous studies showing co-production of the two peptides. 
Indeed, the present in situ hybridization results using 



Table 3 

Galanin in human pituitary adenomas and in normal nrruitaries 



Reference 


Pituitary adenomas 




Nonnal 




ACTH 


GH 


PRL 


Inactive 


pinritarics 


Hutting et al. [37] 




1/1 








Vruntakis ct al. (38] 


13/18 


0/4 


0/X 


0/5 


23/23 


Hsu el al. [40] . 


16/19 


5/11 


2/14 


.9/18 


7/7 


Polak ct.al. [41] 


6/6 


3/8 


2/2 • 


0/7 




Sano et al. [42] 


9/14 


0/10 


0/9 


0/9 




Bennet et al. [39] 




2/4 


0/1 


3/13 


30/30 


lnvitu et al. [43] 


5/5 










Leung et al. [44] 


10/16 


1/26 


1/19 


25/89 


6/6 



Review of data published 1989-2002. 

double-labeling on single sections show conclusively that 
individual cells can synthesize both ACTH and galanin. 
However, whereas coexistence of galanin and POMC 
mRNA was found in apparently all cells of one corticotroph 
adenoma (#1, 2, Table 1; Fig. 7 A, B), another tumor of this 
type showed a clear separation of the iwo signals (#4, Table 
1; Fig. 8 A, C E); Moreover, co-expression of galanin and 
POMC mRNA in the ACTH adenomas was reflected in a 
close correspondence between tumor content of galanin and 
ACTH, whCTeas when the peptides were expressed in 
separate cells RIAble tumor content of ACTH vastly 
exceeded that of galanin: Thus, absence of a correlation 
between these two peptides in extracts from corticotroph 
adenomas may reflect an expression of ACTH and galanin 
in different cell populations. 

A clinical significance of this differential expression 
could not be related to age, sex, tumor size or pituitary 
function. However; as shown by Invitti et al. [43], the in vivo 
release of galanin in response to CRH varies among patients 
with Cusbing's disease. We found no elevation of plasma 
galanin in sinus petrosus from two patients with Cushing's 
disease. Thus, although both patients showed a marked 
unilateral response to CRH, there was no similar effect on 
galanin levels. One of these patients (#4) was analyzed with 
double-labeling in situ hybridization, and in this patient 
galanin and ACTH were synthesized in distinctly separate 
cell populations (Fig. 8).: Perhaps the variability in the 
' response to CRH can be explained by the extent of coloc- 
alization of ACTH and galanin. Thus, when the peptides are 
produced in different cells, CRH may only cause release of 
ACTH. It would therefore be interesting to know whether or 
not type-1 CRH receptors {53] are present in ACTH-nega- 
tive, galanin-positive cells. It should here be mentioned that 
in the normal state, stimulation of ACTH secretion with 
CRH, desmopressin or physical exercise does not affect 
plasma galanin levels [43,54,55]. 

The clinical significance of the presence of galanin in 
ACTH adenomas was also investigated by Leung et al. [44], 
showing that galanin-positive adenomas were smaller and 
had better prognosis than those not expressing galanin. The 
present study supports this finding; we have found that all 
seven corticotroph adenomas were galanin-positive, and 
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they were small and were successfully removed, lnteresl- 
ingly, in Ihe four young patients with microadenomas and 
highly active Mb Cushing (#1-4) tumor galanin was 
inversely related to tumor volume. In contrast lo Leung et 
al. [44J we found a correlation in six of seven corticolroph 
adenomas between galanin content and 24 h urinary Cortisol 
excretion, representing integrated ACTH-cortisol produc- 
tion.To what extent galanin can serve as a marker for tumor 
activity as well as act as a growth inhibitory factor in this 
type of nimor requires analysis of a larger material. 



preoperative ACTH failure (#10, 20, 21, 23) had low levels 
(mean 0.61 pmol/mg protein). 

The patient (#16) with the highest tumor galanin content 
among the clinically inactive adenomas had shown clinical 
signs of Mb Cushing. However, laboratory investigation, 
performed after a tumor apoplexy, revealed normal ACTH 
and Cortisol secretion. This patient had a recurrence of 
Cushing's discas a few years after surgery. Our sample 
may have contained ACTH adenomatous tissue or nomial 
pituitary as indicated by immunocytocliemistry. 



4.2. Galanin in clinically inactiw GH and PRl, adenomas 4.3. Identity of galanin in pituitary tumors 



The capacity of non-ACTH tumors to synthesize galanin 
has been controversial. Vrontakis el al. [38] and Sano cl al. 
[42 J found galanin-LI exclusively coexpressed with ACTH 
and not present in any other type of pituitary adenoma. We 
have previously demonstrated the presence of galanin in a 
GH adenoma [37], and Polak et al. [41] in GH and PRL 
adenomas. Hsu et al. [40], in addition, found galanin-LI in 
half of the non-functioning adenomas, including a few 
which were negative tor ACTH. In the largest and most 
recent study, Leung et al. [44] demonstrated galanin-LI in 
one third of the clinically inactive adenomas but rarely in 
• GH-or RRL-producing adenomas. 

In the only previous study based on extraction, Bennet et 
al. [39], using an antiserum against porcine galanin and a 
porcine tracer, -found detectable galanin in two of four GH 
adenomas and in three of thirteen clinically active adeno- 
mas. With the present extraction method we find galanin-LI 
in all but two of the non-ACTH adenomas studied. How- 
ever, galanin levels above 5 pmol/mg protein were only seen 
in 5 of the 1 0 clinically inactive adenomas and in none of 
the GH- or PRL-producing adenomas. 

The presence of galanin was shown in all normal 
pituitaries examined in previous studies [38-40,44]. In fact, 
extraction yielded markedly higher galanin concentrations 
in normal pituitaries than in non-ACTH pituitary adenomas 
[39]. Since the present study is based on tissue obtained at 
pituitary surgery, it does not include a control group of 
normal pituitaries. However, in a previous study of extracts 
from 280 postmortem pituitaries Schmidt et al. [5] reported 
410 pmol galanin per gram frozen tissue. In our material the 
mean galanin content was 13,950 pmol/g frozen tissue in 
ACTH adenomas, 3.6 pmol in GH adenomas and 1.4-4170 
pmol in clinically inactive adenomas. 

The highly variable galanin content found in the clinically 
inactive adenomas correlated well with ACTH content in the 
same adenomas, and presence of normal corticotrophs in the 
samples containing high galanin and ACTH cannot be 
excluded. In one case (#19) this was verified by PAD 
showing normal pituitary tissue in 9 of 10 samples (cf. Fig. 
9D- F). This patient also incurred a postoperative panhypo- 
pituitarism. Indeed, the three patients who became ACTH 
deficient after surgery (#18, 19, 24) had elevated tumor 
galanin-LI (mean 40.9 pmol/mg protein), whereas those with 



The molecular form of galanin was studied with RP- 
HPLC in the seven corticolroph adenomas and the two 
clinically inactive adenomas with high galanin content (#1- 
7) (#16, 19). The elution pattern was shown to be remark- 
ably homogenous with a small peak preceding the main 
form eluting with synthetic human galanin (Fig. 5A). It 
agrees with the pattern found in non-ACTH pituitary ade- 
nomas by Bennet et al. [39] and corresponds to the structure 
determined by Schmidt ct al. [5] who isolated and se- 
quenced galanin from purified extracts of postmortem 
pituitaries. Our finding indicates that the molecular form 
of galanin in cortieotroph adenomas is identical to that 
found . in clinically inactive tumors and in the normal 
pituitary. The small polar peak eluting earlier than gala- 
nin(l -30) probably represents degradation products which 
have been shown to elute prior to the main form [56], In one 
case (#6) we found that galanin eluted later than human 
standard with a peak coinciding with galanin( I - 1 6) (Fig. 
5B). This fragment has not been found in vivo in the rat 
[56,57] or in man [2,5,28,58], and our finding suggests a 
different processing of rumor galanin in this patient. 

4.4. Concluding remarks 

We found that galanin is present in human cortieotroph 
adenomas and provide conclusive evidence at the transcript 
level for cellular colocalizatiori with POMC in some, but 
not all tumors. Our results also indicate that galanin 
present in other types of pituitary adenomas is associated 
with normal pituitary tissue. The molecular form of tu- 
morous pituitary galanin is homogenous representing gen- 
uine human galanin (1 -30), but in one adenoma a form of 
galanin coeluting with ga1anin(l 16) was identified. No 
evidence of galanin secretion from these adenomas into 
local or peripheral circulation was obtained, pointing to a 
mainly auto-and/or paracrine role for galanin produced iu 
corticoptroph adenomas. 
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Regulation of Cytochrome P4501A1 in Teleosts: Sustained 
Induction of CYP1A1 mRNA, Protein, and Catalytic Activity 
by 2,3,7,8-Tetracnlorodibenzofuran in the Marine Fish Stenoto- 
mus chrysops. Hahn, M. E., and Steckman, J. J. (1 994). Toxi- 
col. Appl. Pharmacol. 127, 1 87-1 98. 

Cytochrome P4501 A) (CYP1 Al) is known to play important 
roles in the activation and detoxification or carcinogens and 
other toxicants in vertebrate animals, including fish. Although 
extensively studied in mammalian systems, the regulation of 
CYP1 A forms in other vertebrates is less well understood. We 
examined the time course and dose-response relationships for 
induction of CYP1A1 mRNA, protein, and catalytic activity by 
2,3,7,8-tetrachlorodibcnzofuran (TCDF) in the marine fish 
Stenotomus chrysops (scup). The time course of CYPl Al induc- 
tion was determined following a single ip dose (10 nmol/kg) of 
2,3,7,8-TCDF. Hepatic ethoxyresorufin 0-deethylase activity 
was increased after 1 day, reached a maximum by 8 days, and 
was still elevated 14 days after treatment. The content of rm- 
munodetectable CYPl Al protein in liver was elevated on Day 1 
and continued to increase through 14 days. CYP1A1 protein 
content was also strongly induced in heart and gill beginning at 
2 days after treatment and extending through Day 14. Hepatic 
CYPl Al mRNA was strongly induced by 1 day after dosing and 
remained elevated through 14 days. The sustained induction of 
CYP1A1 mRNA by 2,3,7,8-TCDF contrasts with the transient 
induction seen previously in fish treated with nonhalogenated 
inducers and most likely reflects differences in persistence of the 
inducers. Dose-response studies indicated that induction of 
CYPl A 1 mRNA, protein, and catalytic activity occurred follow- 
ing doses of 2,3,7,8-TCDF as low as 0.4 nmol/kg (120 ng/kg), 
within the range of whole-body contents of this congener mea- 
sured in fish from contaminated environments. The estimated 
dose producing half-maximal CYP1A1 induction in scup was 
approximately 2-10 nmol/kg, suggesting that the sensitivity of 
these fish to induction may be as great as or greater than that of 

' Presented in part at the 29th annual meeting of the Society of Toxicol- 
ogy, Miami Beach, FL, February 1 990 {Joxicologist 10, 28) and at the 1 1 ih 
annual meeting or the Society of Environmental Toxicology and Chemis- 
try, Arlington, va, November 1 990. 

1 To whom correspondence and reprint requests should be addressed. 



rats. In contrast to previous results obtained with 3,3',4,4- 
tetrachlorobiphenyl (TCB) and 0-naphthoflavone, which ap- 
pear to inhibit or inactivate CYP1A1 in fish and other verte- 
brates, there was a good correlation among levels of CYP1A1 
mRNA, protein, and catalytic activity in individual fish follow- 
ing various doses of 2,3,7,8-TCDF. The difference in response 
to 2,3,7,8-TCDF versus 3,3',4,4'-TCB may reflect differences in 
the inducing potencies of the two compounds relative to their 
similar potencies as inhibitors of CYPl Al catalytic activity. In 
additional studies to evaluate structure-activity relationships 
for CYP1A1 induction by chlorinated dibenzofurans in fish, 
scup were treated with 2,3,6,8-tetrachlorodibenzofuran 
(2,3,6,8-TCDF). At 10 or 50 nmol/kg, 2,3,6,8-TCDF was inac- 
tive as an inducer of CYPl Al mRNA, protein, or catalytic activ- 
ity. Overall, these results illustrate temporal and dose-depen- 
dent aspects of CYPl A 1 induction in fish that are highly in- 
ducer-spccific; the results also indicate that fundamental 
features of CYP1A1 regulation appear to be conserved in fish 
and mammals, two widely divergent groups of vertebrates. 

<B 1994 Acubmk Funs, Inc. 



Multiple forms of cytochrome P450 (P450) occur in di- 
verse groups of organisms, where they play important roles 
in the oxidative metabolism of a wide variety of endoge- 
nous and xenobiotic compounds (Gonzalez, 1989; Nelson 
etai, 1993; Stegeman and Hahn, 1993). The properties and 
regulation of P450 forms in animals of various taxa could 
determine the susceptibility of those animals to toxic ef- 
fects, including chemical carcinogenesis, resulting from 
pollutant exposure. Information on the comparative struc- 
ture, function, and regulation of P450 forms is essential for 
a more complete understanding of mechanisms of toxicity 
and for predicting chemical effects in diverse groups of ani- 
mals. Of special interest in this regard are fish, a group that 
includes species of ecological, commercial, and aesthetic 
importance, many of which are exposed to a variety of pol- 
lutants in both marine and freshwater environments. 

The P450 gene superfamily is composed of multiple fami- 
lies and subfamilies (Nelson et aL, 1993). P450 forms in the 
I A subfamily arc of toxicological significance due to their 
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involvement in the activation and detoxification of procar- 
cinogens and other toxicants (Nebert, 1989) and in the me- 
tabolism of endogenous compounds such as estradiol and 
arachidonic acid (Rifkind et al., 1990; Spink et al, 1990). 
Whereas two 1A forms (CYP1A1 and CYP 1 A2) arc known 
in mammals, the 1 A subfamily in most fish consists of a 
single form (CYPIAl)'. In both mammals and fish, 
CYP 1 A forms are highly inducible by polynuclear aromatic 
hydrdcarbons (PAH) and halogenaled aromatic hydrocar- 
bons (HAH); the latter group includes the chlorinated di- 
benzo-p-dioxins, dibenzofurans, and biphenyls, some of 
which arc ubiquitous and extremely toxic environmental 
contaminants {Poland and Knutson, 1982). In addition to 
the important roles of induced I A forms in the metabolism 
of environmental contaminants, induction of CYP1A1 has 
been used as a model system for examining mechanisms of 
xcnobiotic-altered gene expression (Whiilock, 1990). 

In mammals, CYP1A genes are regulated mainly by tran- 
scriptional mechanisms (Okino el al, 1992; Pasco et al, 
1 993). Induction is controlled by the Ah receptor, a ligand- 
activated transcription factor that binds certain PAH and 
HAH inducers with high affinity. Following Hgand binding, 
the Ah receptor is activated to a form that interacts with 
enhancer sequences in the CYP1A1 promoter lo initiate 
transcription of the CYP1A1 gene and the subsequent accu- 
mulation of CYP1A1 mRNA (Whitlock, 1990). Much less 
is known about the regulation of CYP1A forms in non- 
mammalian species (reviewed in Andcrsson and Forlin, 
1992; Stegeman and Hahn, J 993). The Ah receptor has 
been identified in fish (Heilmann et al., 1988; Lorenzen 
and Okey, 1990; Swanson and Perdcw, 1991; Hahn et al, 
1992, 1994), but its involvement in CYP1A1 regulation, 
though expected, has not yet been defined. However, stud- 
ies in trout (Oncorhynchus mykiss) (Haasch el al.. 1988; 
Heilmann el al. 1988) and killifish (Fundulus heteroclitus) 
(Kloepper-Sams and Stegeman, 1989) have shown that in- 
duction of CYP I A protein and catalytic activity by the 
model nonhalogenated inducers 0-naphthoflavone (BNF) 
and 3-methylcholanthrenc is preceded by elevated levels of 
CYP1A mRNA. Others have shown induction of CYP1A 
mRNA in fish or fish cells following exposure to halogen- 
ated inducers such as 3,3',4,4'-tetrachlorobiphenyl (TCB) 
and 2,3,7,8-tetrachlorodibenzo-p-dioxin (Gooch et al., 
1989;Pcsoncnrfa/., 1992). 

These reports notwithstanding, there are critical deficien- 
cies in our understanding of the regulation of CYP1A ex- 
pression in fish. Knowledge of structure-induction rela- 
tionships in fish is limited (Gooch et al., 1989; Janz and 
Metcalfe, 199l;Skaaretf«/., 1991; van derWciden, 1993), 
and dose-response relationships have been established for 
few compounds (James and Bend, 1980; Melancon and 

3 P450 nomenclature is as described by Nelson et al. (1993) and Stege- 
man (1992). The trivial name for the CYP1A1 representative from scup is 
P450E. 
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Lech, 1 983; Gooch ere/., 1 989; Stegeman etal, ) 990; Janz 
and Metcalfe, 1991; van der Wcidcn et al, 1992). In most 
cases these are known only at the level of catalytic activity. 
In addition, the time course of induction following single or 
continuous exposure to different types of inducers is not 
completely understood (Kloepper-Sams and Stegeman, 
1989; Pesonen el al, 1992; Haasch et al., 1993b; Cclander 
el al., 1993). Such information is important for interpreting 
studies of environmental induction and the decline of in- 
duced CYP1 A during depuration of environmental chemi- 
cals after removal offish from contaminated environments 
(Kreamer et al, 1991; Stegeman et al., 1991; Wirgin et al., 
1992; Haasch et al., 1993a). Recent studies showing that 
prior exposure history affects CYP1A inducibility (Monos- 
son and Stegeman, 1 99 1 ;. Wirgin etal., 1 992) highlight this 
need. Other questions concern the temporal and dose-de- 
pendent control of induction in extrahepatic organs com- 
pared to liver. Finally, discrepancies between CYP1A in- 
duction measured at the level of mRNA, protein, or cata- 
lytic activity have been described and appear to occur in an 
inducer-specific manner (Gooch et al, 1989; Klocppcr- 
Sams and Stegeman, 1992; Haasch et al, 1993b; van der 
Weiden el al., 1993). Thus, it is important to define the 
relationships among these three parameters following treat- 
ment with various classes of inducing compounds. In the 
present study, we used 2,3,7,8- and 2,3,6,8-icirachlorodi- 
benzofuran (TCDF) to examine the temporal, dose-depen- 
dent, and structure-dependent expression of CYP1A1 
mRNA, protein, and catalytic activity in the marine teleost 
Slenotomus chrysops (scup). 

MATERIALS AND METHODS 

Chemicab. Solutions of 2,3,7,8-TCDF (98% pure; SO /ig/ml in tolu- 
ene) and 2,3,6,8-TCDF (98% pure; 48 «g/ml in isooctane) were purchased 
from Chemsyn/Wellington Laboratories (Lcncxa. KS). Dosing solutions 
were prepared by adding an appropriate volume of these to corn oil and 
removing the toluene or isooctane under a stream ofnitrogen. The rain- 
bow trout CYP I A 1 cDN A probe (pfP,450-3') was obtained from Dr. Dan- 
iel Neben (University of Cincinatti). Nitro blue tetratoliurn, S-bromo-4- 
chloro-3-indolylphosphale, and bovine scrum albumin were purchased 
from Sigma (St. Louis, MO). Other chemicals were obtained as described 
previously (Kloepper-Sams et at., 1 987; Gooch et al.. 1989). 

Animals and treatment. Scup were obtained by angling in local waters, 
held in (lowing Nantucket Sound scawater at 16-20"C, and Ted alternate 
rations of Purina Trout Chow and frozen squid for > 9 months prior to use. 
The sex of individual scup cannot be determined from external morphol- 
ogy, so the fish used in these experiments included both males and females. 
The initial body weights and gonadosomatic indices (GS1) offish used in 
the three experiments are shown in Table 1 . The OSI is an index of sexual 
maturity in seasonally reproducing fish. Certain monooxygenase functions 
arc known to be sexually differentiated in gonadally mature scup but not in 
gonadally regressed scup (Gray etal., ]99l).TheCSl values on* or less 
shown in Table 1 indicate that the scup used here were gonadally regressed; 
this was confirmed by histological analysis (Smolowhz a al., 1991). Such 
fish would not be expected to show sex-related differences in monooxygen- 
ase function; therefore, dam from males and females have been combined 
in this report 
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TABLE 1 

Body Weights, Sexes, and Conadosomatic Indices (GSI) of Scup Used for ihe Three Experiments 



* Approximate fish weight (grams) on day of dosing. 

'(Gonad weight/body weight) X 100. measured on day of sampling. 



Experiment 


Fish weight" 




Males 




Females 


Number 


GSI* 


Number 


GSI* 


2378 Time course 


291 ±69 


8 


0.165 ±0.115 


13 


0.624 *0.213 


2378 Dose-response 


247 ±46 


10 


0.345 + 0.252 


14 


1.11 ±0.73 


2368 Dose-response 


160 ±22 


8 


0.078 ± 0.026 


4 


0.405 ± 0.057 



Fish were treated with a single intraperitoneal injection of TCDF in com 
oil, or corn oil alone (1 ml/kg). The time course experiment took place in 
October, 1 988, and utilized scup weighing between 1 60 and 430 g (mean: 
29 1 e); the fish were held in flowing scawatcr that varied from 1 5 to 20°C 
during the 2-week experiment. Scup were killed by cervical transection at 
1 , 2, 4, 8, and 14 days following treatment: tissues were removed immedi- 
ately Tor fixation (Smolowitz et al. 1991) or preparation of RNA (liver) or 
microsomes Giver, heart, gill). The dosc-rcsponsc experiments took place 
in May and June of 1989. For 2,3,7.8-TCDF, mean fish weight was 247 ± 
46 g at the time of treatment, and water temperature was approximately 
1 7 °C during the experiment For 2 J.6.8-TCDF, mean fish weight was 1 60 
± 22 g and water temperature was 2l-22°C. Scup were killed 4 days after 
dosing, and tissues were obtained and prepared as described above. For all 
experiments, effluent water from tanks containing TCDF-treated fish was 
filtered through a bed or activated charcoal prior 10 release. 

Preparation of microsomes. Individual livers were homogenized in 4 
vol of TK buffer (50 mM Tris, 0.15m KC1. pH 7.4). and centrifuged at 750g 
(lOmin)and 12.000g(10min). The supcrnatc was centrifuged at 100,0% 
for 70 min to pellet the microsomes. Microsomal pellets were resuspended 
in 1-2 ml of TEDG buffer (0.1 M Tris, pH 7.6, with 1 mM EDTA, 1 mM 
ditbiothrcitol, and 20* glycerol) per gram or original tissue wet weight. 
Pooled hearts (minus the bulbus arteriosis) and gill filaments from two or 
three fish per group (time course experiment only) were homogenized and 
microsomes were prepared as described above, except that a second set of 
low speed spins was conducted on heart homogenates prior to high-speed 
centrifugation. 

Microsomal assays and immunobtotting. Eihoxynsorufin O-deelhyl- 
asc (EROD) activity was measured al 30°C as described by Klorz et al. 
(1984). Total cytochrome P450 content was determined spectrally as de- 
scribed previously (Stegeman et al.. 1979). Microsomal NAOPH-cy- 
lochrome f reductase activity was assayed at 30°C as described by Stege- 
man a al. (1979). with cytochrome c at 1.1 mg/ml and KCN at 1 mM. 
Denaturing polyacrylamidc gel electrophoresis and immunoblollingofmi- 
crosomal protein was performed as described earlier (KJoepper-Sams et 
al., l987;Hahntf a/.. 1993). The primary antibody was MAb M2-3(Park 
et al., 1 986) raised against scup CYP1 A 1 (trivial name: P450E); this anti- 
body is specific for CYP1A forms in vertebrates (Stegeman, 1989). 
CYP1A1 protein levels were quantitatcd by video imaging densitometry 
(Master Scan, Scanalytics/CSPl, Billerica, MA), using purified scup 
C YP 1 A 1 as the standard. The optical densities of the standard bands were 
linearly related to the amount of standard protein loaded on the gel. Each 
microsomal sample was analyzed by immunoblotting at least twice. 

RNA isolation and hybridizations. Total hepatic RNA was isolated by 
the method ofChirgwin et al. (1979) as described previously (Klocpper- 
Sams and Stegeman. 1 989). RNA concentrations and purity were assessed 
spectrophotomctrirally; A260/A280 ratios were consistently in the range 
of 2. 1 4-2. 17. For Northern blots, 15 jigor hepatic total RNA was electrc- 
phorcsed in l% agarose gels containing 2.2 m formaldehyde and trans- 



ferred to nitrocellulose (Schleicher & Schucll, 0.45 iim). Uniform loading 
of lanes was assessed visually on the cthidium bromide-stained gels; com- 
plete transfer of the RNA to nitrocellulose was confirmed by staining of the 
gel alter transfer. The nitrocellulose was baked for 2 hr al 78 'C and the 
blots were hybridized to a "P-labeled (by nick translation) trout CYP 1 A 1 
cDNA probe (pfP,450-3') (Heilmann et al.. 1988). Blots were prehybrid- 
ized overnight at 42°C in 50% deionized formamide, 5x Denhardt's, 0.5% 
SDS, 5X SSC (20X SSC = 3 m NaCl/0.3 M Na citrate, pH 7.0), and 100 
Mg/ml sheared Escherichia coli DNA. Hybridization was performed in an 
identical solution containing labeled probe (0.4 jig, I X I0 > dpm)for24hr. 
The blots were washed in 2x SSC, 0.5% SDS (room temperature, 5 mm); 
2X SSC, 0. 1% SDS (room temperature, 1 5 min); 2X SSC, 0. 1% SDS (50°C, 
15 min); IX SSC, 0.1% SDS (50°C, 15 min); and 0JX SSC, 0.1% SDS 
(50°C, 20 min). Fluorography was performed using Kodak XAR-5 film 
and an intensifying screen at -70"C. The pfP|450-3' probe hybridizes to a 
single band on Northern blots of hepatic total RNA from scup treated wi th 
CYPIA1 inducers (see Results); this permitted quantitation of CYPlAl 
mRNA using a slot blotting technique. Individual or pooled samples ( 1 -20 
fig) or total RNA in 6X SSC and 7.4% formaldehyde were healed to 60°C 
for 1 5 min and applied to nitrocellulose using a Millipore slot blot appara- 
tus. The nitrocellulose was then baked, prehybridized, hybridized, and 
washed as described above, Relative amounts ofCYPlAl mRNA were 
determined by densitometry ofautoradiographs of the slot blots. For sam- 
ples of RNA from both untreated and TCDF-treated scup, autoradio- 
graphic intensity was linearly related to the amount of RNA loaded over a 
range of 1-20 ug. The exposure times used for quantitation of mRNA 
levels were within the linear range or film response, as determined by 
multiple loadings and exposures of each blot. Results are expressed relative 
to the mean signal intensity of samples from control scup for each experi- 
ment 

Statistical analysis. Data are reported as means ± SD. Prior to group 
comparisons, Bartlett's test was used to determine if variances were homo- 
geneous (Cad and Weil, 1982). Data sets with homogeneous variances 
were analyzed by one-way analysis of variance and, if significant (p < 0.05) 
differences were indicated, by ScherK's ^tesL Data with nonhomogeneous 
variances were transformed by taking logarithms (base 10) and the trans- 
formed data were analyzed as described above. When the log transforma- 
tion did not result in homogeneous variances, the untransformed data 
were analyzed using a Kruskal- Wallis nonparametric one-way analysis of 
variance; if significant (p < 0-O5) differences were indicated, groups were 
compared using Dunn's distribution-free method for comparing multiple 
treatments with a control, with experiment-wise error rate controlled at a 
= 0.10 (Hollander and Wolfe. 1973). 

RESULTS 

Time Course of Induction 

In a preliminary experiment, 2,3,7,8-TCDF (10 nmol/ 
kg) was found to induce EROD activity and imniunoreac- 
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tive CYPIA1 protein approximately 20- and 40-fold, re- 
spectively, in scup (Hahn et at., 1989). In that experiment, 
CYP1A1 induction was measured at only a single time 
point (5 days). Subsequently, we determined a more com- 
plete time course of induction by this compound. A single 
dose of 2,3,7,8-TCDF(lO nmol/kg; 3.06 /ig/kg) was admin- 
istered by intraperitoneal injection, and fish were sampled 
at various limes up to 14 days after treatment. No deaths 
occurred during this period, and gross signs of toxicity were 
not observed in any of the fish. 

Total cytochrome P450 was increased by 2 days after 
dosing and continued to increase throughout the 2-week 
period (Fig. 1A). Elevated levels of immunodctcctablc 
CYP1 Al protein were evident on the first day of sampling 
(Day 1) and continued to rise through 14 days, when 
CYP1 Al protein content of treated fish was more than 23- 
fold greater than that of control fish (Fig. 1 B). The absolute 
levels of induced CYPI Al protein closely matched the in- 
crease in total P450 at each time point, suggesting that the 
elevated amounts of P450 detected spectrally consisted 
mainly, if not entirely, of CYPI A 1 holoen2yme. 

CYPI A 1 is known to be the major catalyst of EROD 
activity in scup (StCgcman el al. 1985). EROD activity in 
2,3,7,8-TCDF-treated fish was significantly increased by 
Day 1 and continued to increase in a pattern similar to that 
of CYPIA1 protein (Fig. IC). Maximal induction (5 1 -fold) 
occurred on Day 8; after 14 days, EROD activity remained 
highly induced. NADPH-cytochromc c reductase activities 
did not differ among any groups of treated or control fish in 
this experiment (data not shown). 

The trout CYPI A I cDNA probe pfP,450-3' (Hcilmann 
a al., 1988) hybridized to a single band (approximately 2.4 
kb) in Northern blots of total hepatic RNA from 2,3,7,8- 
TCDF-treated scup (see below), as seen previously for some 
teleosts treated with other PAH-type inducers (Heilmann el 
al., 1988; Kloepper-Sams and Stegeman, 1989). Hybridiza- 
tion of this probe to hepatic total RNA applied to slot blots 
was performed to quantitate the changes in CYPIA1 
mRNA produced by 2,3,7,8-TCDF (Fig. ID). CYP1A1 
mRNA levels were increased 56-fold after 1 day of treat- 
ment, with maxima] levels achieved after 4 to 8 days (87- to 
89-fold). By 14 days, mean levels of CYPI A 1 mRNA were 
still elevated (49-fold), but were 55% of those achieved at 
Day 4, and appeared to be declining. 

Induction or CYPI Al by 2,3,7,8-TCDF also occurred in 
several extrahepatic tissues. Immunohistochemical detec- 
tion of induced CYPI A 1 protein in extrahepatic organs of 
scup from this experiment (sampled at Days 4 or 8) has 
been described elsewhere (Srnolowitz el al, 1991). In addi- 
tion, the time course of CYPI A I protein content was deter- 
mined on pooled samples of microsomes prepared from 
hearts and gills of com oil- and TCDF-treated fish. In both 
tissues, a clear elevation in amounts of CYP1A1 protein 
was evident on Day 2 after TCDF treatment and was main- 
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FIG. 1 . Time course of induction of hepatic total cytochrome P450. 
CYPIA1 protein, CYP1AI catalytic activity, and CYP1A! mRNA by 
2,3,7,8-TCDF. Scup were injected with com oil (open symbols) or 2,3,7,8- 
TCDF ( 1 0 nmol/kg; filled symbols) and lulled at the specified times. Points 
arc the means (±SD) of three (TCDF) or two (com oil) fish per time point 
(A) Total cytochrome P450. (B)CYPIAI protein. (Q EROD activity. (D) 
CYPI A I mRNA, from slot blots of 10 or 20 total hepatic RNA from 
individual animals, normalized to the mean control value. Statistical analy- 
sis of the uniraosformcd data (A) or log,<riransTormed data (B-D) by one- 
way analysis of variance and SheflS's F test indicated significant differ- 
ences (p < .03) for all TCDF-treated groups versus the mean of all six 
controls, except for total P450 (A) on Day I, which was not significantly 
different from the control value. 
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FIG. 2. Time course of CYPlAl protein induction by 2,3,7,8-TCDF in scup heart and gill. Scup were treated with corn oil or 2,3,7,8-TCDF (10 
nmol/kg) and microsomes were prepared ai the specified times from pooled hearts or gills as described under Materials and Methods. (A and B) 
lmmunobloLs or heart (A) and gill (B) microsomes. Immunoblots were performed using 10 /ig (heart) or 40 pg (gill) of microsomal protein. Left lanes 
contained the indicated amounts of purified scup CYP) A 1 protein. Additional standards were also run, but arc not shown. The different intensiiies orthe 
CYPlAl standards in the two blots reflect different development times. Gill samples were analyzed twice, with similar result. (C and D) Data from 
densitomeiric analysis of heart (C) and gill (D) immunoblots shown in A and B. Open symbols, corn oil-treated fish; Filled symbols, TCDF-treated fish. 
Data from 1 4-day control and TCDF-treated scup hearts were omitted from (Q. The 1 4-day data indicate that strong induction is maintained at this time 
point, but clcctrophoretic patterns oftoial microsomal protein for these two samples were different from those obtained with samples from the other time 
points, precluding quantitative comparisons between 14-day samples and those from oiher.times. 



tained through 14 days (Fig. 2). The pattern of time-depen- 
dent expression of CYPlAl protein in these two tissues was 
similar to that seen in liver (compare Fig. 2 to Fig. IB). 

Dose-Response 

The sensitivity of the CYPlAl induction response in 
scup was evaluated by treating groups of fish with single 
doses of 0, 0.08, 0.4, 2.0, or 10 nmol 2,3,7,8-TCDF per 
kilogram (equivalent to 0, 0.024, 0.12, 0.61, or 3.06 /ig/kg). 
Based on results of the time course experiment, Day 4 was 
chosen as the time of sampling. No statistically significant 
(p < .05) differences in relative liver weight, yield of micro- 
somal protein, total cytochrome P450, or NADPH-cy- 
tochromc c reductase were found at any dose (Table 2). 
However, there was an apparent shift in the absorption 
maxima of the dithionitc-reduced diiference spectra of CO- 
trcated microsomes, from approximately 450 nm in con- 
trol fish to 447-448 nm in fish treated with the highest dose 
of 2,3,7,8-TCDF. 

The dose-dependent patterns of response of CYPlAl 
mRNA, protein, and catalytic activity following 2,3,7,8^ 
TCDF treatment were qualitatively similar. No changes 



were evident at 0.08 nmol/kg, the lowest dose tested, but an 
increase in the mean values of all three parameters was seen 
at higher doses (Table 2). Figures 3 and 4 illustrate the dose- 
dependent induction of CYPlAl protein and mRNA, re- 
spectively. There were significant interanimal differences at 
the 0.4 nmol/kg dose, with only 2 of 5 animals responding. 
However, in these 2 animals induction was evident at all 
three levels: mRNA, protein, and catalytic activity. At the 
two highest doses, the frequency of response and degree of 
induction increased, with 4/5 and 3/4 animals showing a 
strong response in the 2 and 10 nmol/kg groups, respec- 
tively. The maximal level of induced CYPlAl observed in 
this experiment was lower and more variable than that seen 
in fish treated with an equivalent dose (10 nmol/kg) and 
killed at the same time (4 days) in the time course experi- 
ment. Nevertheless, it is clear that the fish were highly in- 
duced in both experiments. 

Using mean values of CYP1 A J mRNA, protein, or activ- 
ity, and if the levels achieved at 10 nmol/kg represent maxi- 
mal induction, the ED 30 for CYPlAl induction in scup is 
approximately 2-3 nmol/kg. While it is not certain that 
maximal induction was achieved by the 10 nmol/kg dose in 
this experiment, the levels of CYPlAl protein and EROD 
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TABLE 2 

CYPl Al Expression in Livers of Scup Treated with Various Doses of 2,3,7,8-TCDF 
Microsomal 







Body 


Relative 


yield 


Total 


CYPlAl 


CYP1A1 




NADPH-cytochrome 


Dose 




weight 


liver weight 


(mg protein/ 


P450 


mRNA 


protein 


EROD activity 


reductase 


(nmol/kg) 


00 


(fi) 


(%BW) 


g liver) 


(pmol/mg) 


(relative units) 


(pmol/mg) 


(nmol-min"'-mg"') 


(nrnol-min~ , »mg"') 


0 


(5) 


237 ± 55 


1.25 ±0.22 


15.0 + 2.1 


176+ 40 


1.00 ±0.61 


1.7 ± 1.4 


0.170 ±0.075 


111 + 11 


0.08 


(5) 


236 ± 21 


1.00 ±0.20 


13.4 ± 1.8 


182+ 39 


0.94 ± 0.21 


2.2 ± 1.3 


0.215 ± 0.092 


100+ 3 


0.4 


(5) 


240 ±57 


1.12 ±0.42 


13.9 ± 1.2 


214* 80 


1.60 ± 1.32 


12.1 ± 18.3 


0.481 ±0.445 


102 ± 22 


2 


(5) 


235 + 39 


1.23 ±0.18 


12.3 ± 3.5 


210 ± 43 


4.16 ± 1.88* 


25.7 ± 12.6* 


1.13 ±0.54* 


101 + 13 


10 


(«) 


225 ±54 


1.29 ±0.07 


16.3 ± 3J 


257+ 127 


9.31 ±5.05* 


83.1 ±63.5* 


244 ± 1.94* 


81 ±22 



Mote- Scup were treated ip with the indicated doses of 2,3,7,8-TCDF, killed 4 days later, and analywd as described under Materials and Methods. Data 
arc reported as means ± SD. Statistical analyses were by parametric (body weight, liver weight, microsomal yield, total F450) or noflparamctric(CYPl A 1 
mRNA, CYP1AI protein, EROD, NADPH-cytochrome c reductase) methods as described in the text. 

* Significantly different Iram controls (Kruskal-Wallis test significant at p < 0.05; this treatment significantly different from control as determined hy 
Dunn's multiple comparison method with experiment-wise error rate controlled at <t = 0.10). One-way analysis of variance and Seheffe's F lest on 
log-transformed data for CYPIA1 mRNA, CYPlAl protein, and EROD gave identical results. 



activity in fish treated with 10 nmol/kg in the time course 
experiment are among the highest we have seen in scup 
treated with any inducer. Thus, we consider the true ED$o 
value for 2,3,7,8-TCDF to be in the range of 2-10 nmol/kg. 

Structure-Activity Relationship 

Induction of CYPl A 1 by chlorinated biphenyls, di- 
benzo-p-dioxins, and dibenzofurans shows a marked struc- 
ture-activity relationship in mammals (Goldstein and Safe, 
1 989), but evidence for such a relationship in fish is more 
limited (Gooch el al., 1 989; van der Weidcn, 1 993). Of the 
chlorinated dibeiizo-jKlioxin and dibenzofuran congeners 
that have been examined, all have been 2,3,7,8-substituted 
(Hahn<?/a/., 1989;Muirtf a/.. 1990, 1992; van der Weiden, 
1993). We therefore evaluated the ability of 2,3,6,8-TCDF 
to induce CYPlAl in scup. This congener was shown previ- 



ously to be a poor inducer of CYPlAl catalytic activities 
(AHH and EROD) in rats or rat cells (Bandiera el al, 1 984; 
Doyle and Fries, 1986). 2,3,6,8-TCDF was administered at 
10 and 50 nmol/kg (3.06 and 1 5.3 pg/kfi); fish were killed 4 
-days later and responses were measured as in the previous 
experiments. The fish used in this study were slightly 
smaller than those used in the other two experiments, but 
earlier studies have shown that scup in this size range arc 
highly responsive to PAH and HAH inducers of CYPlAl 
(Stegeman el al., 1981). 



rKNA- 




0 .OB .4 2 10 0 

nmol/kg 



10 50 



JS.Q.S.1.Q US 
pmol 

CYPl A 1 



0 .08 A 2 10 

nmol/kg 

2,3,7,8- 
TCDF 



nmol/kg 
2.3.6.8- 
TCDF 



2,3,7,8- 
TCDF 



2,3.6,6- 
TCDF 



FIG.3. Immunoblot illustrating the hepatic content of CYPlAl pro- 
tein in scup treated with various doses 2,3,7,8-TCDF or 2,3,6,8-TCDF. 
Scup were injected with corn oil, 2,3,7,8-TCDF, or 2,3,6,8-TCDF (doses 
indicated in the figure) and killed after 4 days. Hepatic microsomes were 
prepared from individual fish and analyzed by imraunoblotting, the results 
of which are shown in Tables 2 and 3. Aliquols of the microsomal samples 
were then pooled within each group and analyzed by immunohlotting to 
obtain the blot presented here. Each sample lane represent* 50 ug of micro- 
somal protein. Lefl lanes contained the indicated amounts of purified scup 
CYPlAl protein. 



FIG. 4. Northern blot of hepatic total RNA firom 2.3,7,8- and 2,3,6,8- 
TCDF-traated scup. Scup were injected with corn oil. 2,3,7,8-TCDF. nr 
2,3,6,8-TCDF and killed after 4 days. Total hepatic RNA ( 15 /ig per lane) 
from one fish per treatment group was used for Northern Wots with hybrid- 
ization to the trout CYPlAl cDNA probe as described under Materials 
and Methods. Migration of the ribosomal RNA bands is indicated on the 
left fade uf the figure. Migration was from top to bottom. J^anc 1 ; com oil; 
lane 2: 2,3,7,8-TCDF (0.08 nmolAfi)*, lane 3: 2.3.7,!i-TCDF(0.4 nmol/kg); 
lane 4: 2,3.7,8-TCDK (2 nmol/kg); lane 5: 2.3.7,8-TCDF (10 nmol/kg); 
lane 6: corn oil; lane 7: 2,3,6,8-TCDF (10 nmol/kg); lane 8: 2,3,6,8-TCDF 
(SO nmol/kg). Far comparison, hepatic EROD activities of the fish used for 
this blot wens 0.166. 0.219, 0.351, 1.149, 2.685. 0.173, 0.147, and 0.193 
nmol • min" 1 - mg"' for lanes I through 8, respectively. 
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TABLE 3 

CYPIA1 Expression in Livers of Scup Treated with Two Doses of 2,3,6,8-TCDF 











Microsomal 












Body 


Relative liver 


yield 




CYPIAI 




Dose 




weight 


weight 


(mg protein/ 


Total P450 


protein 


EROD activity 


(nmol/kg) 


(D 


(fi) 


(% BW) 


g liver) 


(pmol/mg) 


(pmol/mg) 


(nmol-min"'-mg"') 


0 


(4) 


138 + 19 


1.02 ±0.14 


14.6 ± 1.9 


188 * 50 


3.9 ± 3.5 


0.324 ± 0.284 


10 ■ 


(4) 


119 ± 19 


0.95 ±0.11 


13.9 ± 1.8 


167 ± 43 


2.1 ± 1.0 


02 16 ±0.082 


50 


(4) 


146 ±26 


0.98 ±0.15 


15.0 ±2.5 


219 ±58 


2.6 + 0.9 


0.270 ±0.1 12 



Note. Scup were treated ip with the indicated doses of Z3.6.8-TCDF, killed 4 days later, and analyzed as described under Materials and Methods. Data 
are reported as means ± SD. Statistical analyses were by nonparametric (CYP 1 A I protein) or parameiric (all others) methods as described in the text. No 
significant differences were present. 



Relative liver weights and microsomal yield were similar 
to those found in the time course and 2,3,7,8-TCDF dose- 
rcsponse experiments and did not differ between groups 
treated with 0, 10, or 50 nmol 2,3,6,8-TCDF/kg (Table 3). 
Total P450, CYP1 Al protein, and EROD activity also did 
not differ among the treatment groups (Table 3), nor was 
there evidence of CYP 1 A 1 induction (protein or activity) in 
any individual animal. Hepatic total RNA from one animal 
from each group was analyzed on a Northern blot hybrid- 
ized lo pf-P|450-3'. The intensity of bands hybridizing to 
the CYPIAI probe was somewhat greater in the two 
2,3,6,8-TCDF-treated fish than in the com oil-treated fish, 
but these bands were much less intense than those seen at 
the two highest doses of 2,3,7,8-TCDF (Fig. 4). Insufficient 
tissue was available for preparation and analysis of RNA 
from other 2,3,6,8-TCDF-treated fish. 

DISCUSSION 

In this study, induction of scup CYPIAI by 2.3,7,8- 
TCDF was measured al the level of mRNA, protein, and 
catalytic activity. To our knowledge, this is the first report 
to examine all three of these parameters simultaneously in 
animals treated with a polychlorinalcd dibenzofuran, and 
the first comparison of dose-response and temporal aspects 
of induction at these three levels, for any halogenated in- 
ducer. As discussed below, there are important differences, 
as well as similarities, between our findings and those of 
earlier studies examining CYPIAI induction in fish and 
mammals. 

Temporal Aspects 

A single dose of 2,3,7,8-TCDF produced a sustained ele- 
vation of CYPIAI mRNA through 14 days in the present 
study (Fig. ID). In previous studies examining the time 
course of CYPIAI induction in killifish (F. hetcroclilus) 
and rainbow trout (O. mykiss) treated with the nonhalogen- 
atcd inducer BNF, induced CYP1A mRNA peaked at 1 8- 



40 hr and returned to control levels by 2-6 days after treat- 
ment (Haasch el al. 1988; Kloepper-Sams and Stegcman, 
1989). A similar temporal pattern is seen in BNF-treated 
scup (Kloepper-Sams and Stegeman, unpublished results; 
Goochtffl/., 1989). 

A distinction between halogenated and nonhalogenatcd 
inducers in the duration of CYPIAI mRNA induction has 
also been reported for in vitro systems examined over, 
shorter time intervals (1-4 days). For example, CYPIAI 
mRNA levels were elevated for 96 hi in rainbow trout hepa- 
tocytes treated with 2,3,7,8-TCDD, whereas induction fol- 
lowing BNF was not maintained (Pesoncn et al.. 1992). 
Studies in human kcratmocytes (Berghard et al., 1992) and 
rat hepatoma cells (Xu and Bresnick, 1990) treated with 
2,3,7,8-TCDF versus BNF or benzo[a]pyrene, respectively, 
also showed a similar distinction. All of these findings most 
likely reflect differences in the persistence of inducer. In 
fish, BNF is known to be rapidly metabolized by hepatic 
microsomes (Stegeman et al., 1984). Although similar in 
vitro metabolism experiments have not been done with 
2,3,7,8-TCDF, whole-body half-lives for this compound in 
some fish arc relatively long (e.g., 14 days (Maslanka et ai, 
1 992) and 40-77 days (Muir el al., 1 992)). Consistent with 
the hypothesis that persistence of inducer is an important 
factor influencing the lime course of induction, Haasch et 
al. (1993b) have shown that continuous exposure to BNF, 
unlike a single exposure, produces sustained induction of 
CYPIAI mRNA like that seen here for 2,3,7,8-TCDF. 

Understanding the temporal aspects of induction and 
their inducer dependence is important for interpreting stud- 
ies of CYPIAI induction in fish sampled from contami- 
nated environments (Kreamer et al., 1991; Wirgin et al., 
1991, 1992; Haasch et al., 1993a; Courtcnay el al. 1993). 
Our results and the others cited above suggest that fish in- 
habiting environments where PAH contaminants predomi- 
nate would require constant exposure to maintain elevated 
CYPIAI, measured as mRNA. When: planar, halogenated 
compounds are prevalent, CYPIAI levels would be ex- 
pected to remain elevated for some lime after removal from 
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the contaminated site (e.g., by migration or capture). Thus, 
rates of decline in CYPJ Al mRNA levels in fish removed 
from such environments could provide clues to the identity 
of inducers acting in those fish. 

Most of the studies investigating the regulation of 
CYP1 Al expression in fish have focused on liver. However, 
this enzyme is also induced in extrahepatic tissues of fish 
(Payne et al, 1984; Van Veld et al, 1988; Miller et at., 
1 989; Stegeman el al., 1 989) as well as mammals (Goldstein 
and Linko, 1984). In an earlier report (Smolowitt et al, 
1 99 1), we described the immunohistochemical localization 
of induced CYPI A 1 protein in extrahepatic tissues of scup 
sampled 4 or 8 days following TCDF treatment. Induction 
occurred in epithelial cells of kidney, gill, gut, spleen, testis, 
and ovary and in endothelial cells ofthose organs and heart, 
brain, and red muscle. Here we report the time course of 
that induction for two extrahepatic organs, gill and heart, as 
determined by immunoblotting. The temporal patterns of 
induced CYP1A1 protein levels in gill and heart of these 
fish were similar to the pattern of expression seen in liver, 
with the extent of induction increasing throughout the 14- 
day period (compare Figs. 1 and 2). A possible difference 
was the apparent delay in induction seen in the extrahepatic 
tissues: while elevated levels of hepatic CYP1A1 protein 
were clearly evident on the first day of sampling, CYPI A 1 
levels in gill and heart were not increased until Day 2. We 
have no data on the tissue distribution or kinetics of the 
inducer (TCDF) in these fish, but given the route of expo- 
sure used (ip), we might expect liver to be an initial site of 
accumulation, followed by redistribution to other organs. 
This would be consistent with the patterns of induction 
seen here. Studies comparing the temporal patterns of in- 
duction in different tissues to the pattern and time course of 
TCDF tissue distribution are needed to properly address 
this question. Nevertheless, these results show that gener- 
ally similar temporal patterns of CYPI A 1 induction are 
seen in organs in which the response occurs in multiple cell 
types (liver, gill) compared to an organ with only a single 
induced cell type (endothelium of heart) (Smolowiu et ai, 
1991). 



Sensitivity of Fish to CYPI A I Induction 

The lowest dose producing CYP1A1 induction in this 
study was 0.4 nmol 2,3,7,8-TCDF/kg ( 1 20 ng/kg); heteroge- 
neity in the response offish to TCDF was especially evident 
at this dose. Kreamer et al. (1 99 1 ) have also reported hetero- 
geneity in the CYPI A induction response, in tomcod ex- 
posed to Hudson River sediment. A range of induction sen- 
sitivities is to be expected in highly outbred populations 
such as fish obtained from the wild. Interestingly, we have 
observed differences between individual scup in the 
amount of Ah receptor detected by photoaffinily labeling 



(Hahn et al., 1 994), but whether such apparent differences 
in Ah receptor expression underlie the heterogeneity in re- 
sponse to TCDF reported here is not known. In any case, 
our results indicate that some fish are capable of responding 
to doses of 2,3,7,8-TCDF as low as 120 ng/kg. Muir et al. 
(1992) recently examined induction of EROD activity fol- 
lowing prolonged exposure to dietary TCDF; they obtained 
a threshhold for induction, expressed as the whole-body 
concentration of accumulated inducer, of 1 jig/kg. That 
some of the fish in our study appeared to be two- to eight- 
fold more sensitive may reflect actual species differences in 
sensitivity or differences in the route of exposure and dose 
rate used in each study. 

It is interesting to compare the CYPI Al induction sensi- 
tivity of fish to that of mammals. Bandiera el al. (1984) 
reported an ED50 value for AHH induction by 2,3,7,8- 
TCDF in the rat of 650 nmol/kg, measured 14 days after 
treatment. Since the time course of induction has not been 
evaluated in rats and TCDF is cleared relatively rapidly in 
this species (Birnbaum et al, 1980), this could represent an 
overestimate of the true ED 50 . Estimated EDjo values from 
other reports include 32 nmol/kg (Yoshihara et al., 1981) 
and 3 X 1.6 nmol/kg (Goldstein el al, 1978). The estimated 
-ED 50 for induction of scup CYPI A 1 by 2,3,7,8-TCDF (2- 
10 nmol/kg; see Results) suggests that the sensitivity of scup 
may be as great as or greater than that of rats. 

Determining the sensitivity of fish to different inducing 
compounds is important with respect to the use of CYP 1 A I 
induction in environmental monitoring. 2,3,7,8-TCDF 
and other polychlorinated dibenzofurans, derived from a 
number of sources, are present at several coastal sites (e.g., 
Pruell et al, 1990), and 2,3,7,8-TCDF is the most promi- 
nent polychlorinated dibenzofuran found in fish (DeVault 
elal, 1989; Rappctf al. 1991). The lowest dose producing 
induction in our study (120 ng/kg) is within the range of 
whole-body contents of 2,3,7,8-TCDF that have been mea- 
sured in fish (42-1 1 85 ng/kg (DeVault et al, 1989; Man et 
al., 1989; Rogers et al, 1989; EPA, 1992; Hodson et al, 
1992)). These data suggest that 2,3,7,8-TCDF could be an 
important contributor to the CYPI A 1 induction seen in 
fish from sites contaminated by chlorinated dibenzofurans 
(Stegeman et al., 1991; Hodson et al, 1992; Haasch et al., 
1993a). 

Relationship among Changes in CYPI Al mRNA, Protein, 
and Catalytic Activity 

Increases in CYP 1 A 1 mRNA and protein observed previ- 
ously in fish treated with PAH and HAH are consistent 
with a mechanism of induction involving transcriptional 
enhancement leading to new synthesis of these CYP I A} 
gene products (Haasch et al, 1988; KJoepper-Saras and 
Stegeman. 1989). However, several recent studies have 
found a lack of concordance between patterns of induced 



i 

I 



■5 



PAGE 9/13 * RCVD AT 5/16/2007 9:18:47 AM [Pacific Standard Time] * SVR:SVCS01/1 * DNIS:6034 * CSID:613 993 5444 s DURATION (mm-ss):07-10 



h 



05/16/2007 WED 12:29 FAX 613 $93 5444 ClSTI HELP DESK 0010/0 

r 



SUSTAINED INDUCTION OF CYP1AI BY TCDf IN Fl$H 



J 95 




5 10 

CYP1A1 mRNA (relative values) 




50 100 150 

CYP1A1 protein {pmol/mg) 

KIC. 5. Relationship between CYPiAl mRNA and protein (A) and 
CYP1AI protein and EROD activity (D) in individual scup treated with 
various doses of 2,3,7,8-TCDF. See text for details. 



CYP1A1 mRNA, protein, and catalytic activity following 
treatment offish with some inducers, suggesting that post- 
transcriptional events may aifect the manifestation of the 
induction response. In the studies of Gooch et al (1989), 
CYP1 A 1 activity and protein were not highly correlated in 
scup given various doses of 3,3',4,4-TCB; moreover, re- 
duced amounts of both CYPI Al protein and activity were 
observed at high doses relative to lower doses, despite 
strongly elevated levels of CYPI A 1 mRNA in all cases. 
Haasch et al. ( 1 993b) reported similar discrepancies in rain- 
bow trout exposed continuously to high concentrations 
ofBNF. 

Such discrepancies between CYP1A1 mRNA, protein, 
and catalytic activity were not seen in this study. In the 
2,3,7,8-TCDF dose-response experiment, there were statis- 
tically significant, linear relationships between CYP1A1 
mRNA and protein (r 2 = 0.796) and CYPI A 1 protein and 
catalytic activity (r 2 = 0.967) in paired comparisons of indi- 
vidual fish (Fig. 5). In contrast, such high correlations were 
not observed when 3,3',4,4-TCB was the inducer (r 2 = 
0.299 for CYP1A1 protein versus EROD activity, calcu- 
lated from the data or Gooch et al. (1989)). We note that 
although the experimental protocols used in the two studies 
were almost identical, the doses of inducer were quite dif- 
ferent: 0.08-10 nmol/kg for TCDF versus 345-34,500 



nmol/kg for 3,3',4,4'-TCB. 2,3,7,8-TCDF is much more po- 
tent than 3,3',4,4'-TCB as an inducer of CYPiAl in fish 
(this study; Gooch et al., 1 989) as well as in fish hepatoma 
cells (M. Hahn, unpublished studies). However, in vitro ex- 
periments indicate that the EROD-inhibitory potencies of 
these two compounds arc similar (Ai = 22 and 41 nM for 
3,3',4,4'-TCB and 2,3,7,8-TCDF, respectively, using scup 
hepatic microsomes) (M. Hahn, unpublished data). Thus, 
the different results of our study compared to those of 
Gooch et al. (1989) may reflect the different inducing po- 
tencies of TCDF and TCB, relative to their similar poten- 
cies as inhibitors of CYP 1 A 1 catalytic function. 

Mechanism of CYPI A 1 Induction in Fish 

The data presented here, together with results of previous 
work, allow generalizations concerning the regulation of 
CYPI A 1 gene expression in fish. A major conclusion is that 
the fundamental features of the CYPiAl induction mecha- 
nism appear to be conserved in fish and mammals, two 
widely divergent groups of vertebrates. Several lines of evi- 
dence support this conclusion: (1) The structure-activity 
relationships for CYPI A induction in fish — to the extent 
they are known — are similar to those found in mammals, 
as illustrated by the lack of response to 2,3,6,8-TCDF in this 
study and by the inability or reduced ability of high doses of 
nonplanar PCB congeners to induce CYP 1 A in other stud- 
ies (Gooch el al, 1 989; Skaare et at., 1991). (2) The sensitiv- 
ity of fish to CYP 1 A induction by PAH and planar HAH is 
at least equal to that of other vertebrates (discussed above; 
see also James and Bend, 1980; Hahn et al, 1989). (3) In- 
duced levels of CYPiAl mRNA that precede increases in 
protein and catalytic activity in fish (Haasch et al., 1988; 
Kloepper-Sams and Stegeman, 1989) are consistent with 
transcriptional activation like that seen in rats and mice, 
although such a mechanism has not yet been formally dem- 
onstrated in fish. (4) The evidence cited in 1 through 3 
above suggests that induction is controlled by a specific and 
sensitive recognition mechanism, such as a ligand-receptor 
interaction. The presence of a protein with properties of the 
Ah receptor has now been demonstrated in several species 
of fish, including scup (Hahn el al., 1992, 1994); future 
studies wilt be aimed at characterizing that protein and its 
role in the induction process in fish. However, despite the 
fundamental similarities in CYPI A 1 induction mecha- 
nisms in mammals and fish, there may be important differ- 
ences as well (e.g., Klocppcr-Sams and Stegeman, 1992). 
Further examination of the expression of CYPI A 1 and 
other P450 genes from a comparative perspective may pro- 
vide fundamental insights into the mechanisms ofgene reg- 
ulation and the evolution of gene regulatory systems. 
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Brief communication 

Expression of the pS2 gene in breast tissues assessed by pS2-mRNA analysis 
and pS2-protein radioimmunoassay 

Erika Hahnel, Peter Robbins, Jennet Harvey, Gregory Sterrett and RoJand Hahnel 

Department of Pathology, University of Western Australia, Queen Elizabeth II Medical Centre, Nedlands, 

6009, Western Australia 



Key words: breast tissue, pS2-mRNA, pS2 protein, radioimmunoassay 

Summary' , : 

The expression of the pS2 gene in breast tissues was assessed by measuring pS2-protein using a radioimmu- 
noassay, and by determining pS2-mRNA using Northern blotting. There was a good correlation between the 
two measurements, indicating that expression of the pS2 gene in breast tissues may be assessed by either 
method. Since radioimmunoassay is technically easier and more efficient than Northern blotting, radioim- 
munoassay will be the method of choice in routine applications. 

Introduction Materials and methods 



Expression of the pS2 gene is controlled by estro- 
gen. This was first described in the MCF-7 breast 
cancer cell line [)]. pS2 expression has since been 
reported to be useful as a prognostic indicator (2, 
3], although this was not confirmed in another se- 
ries [4].. 

pS2 expression may be assessed in tissue ho- 
mogenates by analysis of pS2-mRNA [5], by ra- 
dioimmunoassay of the pS2-prptein (2], or by im- 
munocytochemical detection of the pS2 protein in 
tissue sections [5]. It was the aim of this study to 
establish the. correlation between pS2-mRNA and 
pS2-protein by radioimmunoassay in a series of 
tissues obtained from mastectomy specimens per- 
formed for carcinoma of the breast. Primary breast 
carcinoma tissue, metastatic carcinoma within ax- 
illary nodes, and roacrascopjcaJJy benign breast 
tissue were examined. 



Breast tissues 

Tissue specimens from mastectomies performed 
for carcinoma of the breast were examined. 32 pri- 
mary breast carcinomas, 10 axillary lymph nodes 
containing metastatic breast carcinoma, and 20 
samples of uninvolved breast tissue were analyzed 
for pS2 expression. 

The primary breast carcinomas were histolog- 
ically classified using a conventional subclassifi- 
cation. The presence or absence of primary tumour 
was assessed. The presence of metastatic carcino- 
ma within lymph nodes studied was verified by 
histological examination of the node remnant after 
sampling. 

'Uninvolved' breast tissue was sampled from 
sites weJJ removed from the primary breast tumour 
(usually in another quadrant of the breast), and was 
selected only if the tissue appeared macroscopical- 
ly unremarkable'. Tissue sampling occurred irrime- 
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diately upon arrival of the mastectomy specimen in 
the laboratory, with minimal delays between re- 
moval and sampling. 

Tissues for pS2 analysis were snap frozen in liq- 
uid nitrogen and stored at -70°C until prqcessed. 

Extraction of RNA and determination of 
pS2-mRNA ., 

Details of the procedure have been described in our 
previous paper [6). Briefly, the deep-frozen tissue 
was homogenized in a rnicro-dismembrator. The 
homogeneous powder, was extracted with guani- 
diniurm'sothiocyanatephenolchlorofbrmiso- 
amylalcohol, and RNA was precipitated with iso- 
propartol. The washed RNA pellet was dissolved in 
SDS and glyoxylated, and the RNA preparation 
loaded onto agarose gel. After electrophoresis the 
gel was capillary blotted onto Zeta-probe mem- 
branes. Membranes were hybridized overnight 
with cDNA.probes pS2 and 36B4, which were la- 
beled with fa^PJ dCTP by nick translations. 
Washed membranes were exposed to Kodak X- 
omat AR film. Relative intensities of the mRNA 
bands were assessed Visually as not detectable, ve- 
ry weak, weak, medium, strong, and very strong, 
taking the intensities of the ubiquitous 36B4 bands 
into account. 



Radioimmunoassay of pS2-protein 

Deep frozen specimens were pulverized with a mi- 
crodismembrator. The tissue powder was suspend- 
ed in 10 volumes of pH 7.5 phosphate buffer. The 
homogenate was centrifuged in a refrigerated cen- 
trifuge at 4°C for 60 minutes at 2600xg. The su- 
pernatant was removed with a Pasteur pipette, 
carefully avoiding the fat layer on the top. The pro- 
tein concentration in the supernatant was estimated 
by use of the Coomassie dye-binding method [7]. 
An aliquot of the supernatant was diluted to a pro- 
tein concentration between 1 and 2mg/ml before 
assay of the pS2-protein. In one case the protein 
concentration of the supernatant was well below 
1 me/ml. 



The estimation of thepS2rprotein was perform- 
ed using a solid phase, two-site radioimmunoas- 
say. The kits were bought from CIS Biointema- 
tional, Gif-sur-Yvette, France (ELSA-PS2). In this 
method the molecules of pS2 are sandwiched be- 
tween two monoclonal antibodies; the first one is 
coated on the ELS A solid phase, the second One is 
radiolabeled with J25-iodine. The radioactivity 
bound to the ELSA is proportional to the concen- 
tration of pS2-protein. Details of the procedure are 
supplied with the kit (8). 

Results and discussion 

. 32 primary breast carcinomas, metastatic breast 
carcinoma in 10 lymph nodes, and 20 samples of 
benign breast tissue from mastectomies were in- 
vestigated. Two of the carcinomas were of the infil- 
trating lobular type, two were ductal carcinomas in 
situ, one was a multicentric invasive ductal carci- 
noma, all others were invasive ductal carcinomas. . 

Examples of pS2 Northern blots have been 
shown in our previous paper [6] which demon- 
strate that undegraded pS2rmRNA can be isolated 
by the method used. 

The results of the pS2-protein and pS2-mRNA 
assays are shown on Fig. 1. There was a good corre- 
lation between-the two types of results. When pS2- 
mRNA could not be detected by Northern blot, 
pS2-protein results were usually below ] ng/mg 
protein (22 of 30), or between J and 3.7ng/mg (6 Of 
30). Two were exceptions (7.7 and 14.6); one of 
them could have been due to the very low protein 
content in the cytosol which would lead to a large 
pS2 value and an associated error. There was no 
explanation for the other high result. Very weak 
pS2-mRNA signals on Northern blots correspond- 
ed to pS2-protein values between 1.1 and 19.2 with 
an average of 6.6 ng/mg protein (median 5.7): The 
mean and median pS2-protein concentration in the 
tissue with weak pS2-mRNA signals were 14.3 and 
1 0.7 ng/mg protein, respectively. The average pS2- 
protein concentration increased to 32.7 (median 
31.5) ng/mg protein for tissues assessed as medium . 
pS2-mRNA intensity, and to 43.3 (median 53.8) 
ng/mg protein for tissues with strong or very strong 
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. pS2-mRNA signals. These values should be used 
as an approximate guide only, since the number of 
samples in the various groups was fairly small. 
One-way analysis of variance confirmed that the 
means, of the pS2-protein values in the groups 
made up according to their pS2-mRNA signal in- 
tensity, were significantly different (p < 1 0-*). 

If the pS2 gene is expressed, its expression is on 
average greater in breast carcinomas than in unin- 
volved breast tissue. If one takes pS2-protein val- 
ues above 4ng/mg protein as cut-off, the average 
pS2-protein in J4 breast cancers was 343 (median 
• (35.2), while it was only 18.1 (median 13.8) in 12 
uninvolved breast tissue samples.. If the cut-off is 
taken at ldng/mg protein, average pS2-protein in 
breast carcinoma is also about twice the level of 
uninvolved tissue. There were not enough lymph 
node metastases which expressed the pS2 gene to 
allow a comparison with carcinoma or uninvolved 
breast tissue. . 

Recent preliminary results of pS2 by radioim- 
munoassay [9] are similar to ours for breast cancer 
but considerably lower than our results for normal 
breast tissue. 

The values of the pS2-protein measured obvi- ' 
ously depend on the protein used for calibration. 
"We used the pS2-protein standards supplied with 
the CIS kit, which according to the supplier gave 
values from 0 to 740ng/mg protein in a series of 
205 breast" cancer cytosols. Previously, a different 
standard had been used for presumably the same 
series of breast carcinomas [2], and a conversion 
factor to current standards is given as 2.8 [8]. 

It was noticed that the correlation between pS2- 
protein and pS2-mRNA was better in breast carci- 
noma specimens than in uninvolved breast tissue. 
This is unexplained, though it could be due to the - 
variable content of cell or tissue types in adjoining 
parts of a specimen, a variation more likely to oc-" 
cur in our sampling of non-malignant breast tissue 
compared to sampling of carcinomas. A similar 
variability in breast carcinoma specimens will 
probably have a smaller influence on the pS2 re- 
sults, since the malignant cells - if they do express 
the pS2 gene - contain more pS2-protein than nor- 
mal breast. 
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pS2-mRNA by Northern blot. <S) = 22 results below I. The horizontal 
lines indicate the mean values. 
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The role of the epidermal growth factor receptor in sustaining neutrophil 
inflammation in severe asthma 
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Summary 

Background The extent of epithelial injury in asthma is reflected by expression of the epidermal 
growth factor receptor (EGFR), which is increased in proportion to disease severity and is cortico- 
steroid refractory. Although the EGFR is involved in epithelial growth and differentiation, it is 
unknown whether it also contributes to the inflammatory response in asthma. 
Objectives Because severe asthma is characterized by neutrophilic inflammation, we investigated 
the relationship between EGFR activation and production of IL-8 and macrophage inhibitory 
protein-1 alpha (M?P-la) using in vitro culture models and examined the association between 
epithelial expression of IL-8 and FGFR in bronchial biopsies from asthmatic subjects. 
Methods H292 or primary bronchial epithelial cells were exposed to EGF or H 2 0 2 to achieve 
ligand-dependent and ligand-independent EGFR activation; IL-8 inRNA was measured by real- 
time PCR and IL-8 and MIP-loc protein measured by enzyme-linked immunosorbent assay 
(EiiSA). Epithelial IL-8 and EGFR expression in bronchial biopsies from asthmatic subjects was 
examined by immiinohistochemistry and quantified by image analysis. 

Results Using H292 cells, EGF and HjOj increased 1 L-8 gene expression and release and this was 
completely suppressed by the EGFR-sclcctivc tyrosine kinase inhibitor, AG1478, but only partially 
by dexamethasonc. MlP-la release was not stimulated by EGF, whereas H 2 0; caused a 1.8-fold 
increase and this was insensitive to AG1478. EGF also significantly stimulated IL-8 release, from 
asthmatic or normal primary epithelial cell cultures established from bronchial brushings. In 
bronchial biopsies, epithelial IL-8, MlP-la, EGFR and submucosal neutrophils were all signifi- 
cantly increased in severe compared to mild disease and there was a strong correlation between 
EGFR and IL-8 expression (r — 0.70, P < 0.001 ). 

Conclusions These results suggest that in severe asthma, epithelial damage has the potential to 
contribute to neutrophilic inflammation through enhanced production of IL-8 via EGFR- 
dependent mechanisms. 

Keywords asthma, chemokine, epidermal growth factor, inflammation, neutrophils, tyrosine 
kinase 
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Introduction 

The extent of epithelial injury in asthma is reflected by expres- 
sion of the epidermal growth factor receptor (EGFR, HER I, 
ErbBl) whose levels are increased in proportion to asthma 
severity and are refractory to corticosteroid therapy [1]. Acti- 
vation of the EGFR can elicit a range of phenotypic responses 
in the target cell including growth promotion, growth inhib- 
ition, protection against apoptosis, induction of differentiation, 
reorganization of the cytoskeleton and cell migration [2]. These 
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pleiotropic responses are brought about by transmission of 
specific intracellular signals in response to ligand-induced 
EGFR homo- or heterodimerization and activation of the 
intrinsic tyrosine kinase activity of the receptor [3]. 

Although the EGF ligand family are best known as 
mitogens, proliferating cell nuclear antigen (PCNA), a marker 
of proliferation, is not increased in asthmatic bronchia] 
epithelium, even where epithelial damage is apparent [4]. 
This appears to be due to expression of the cyclin-dependent • 
kinase inhibitor, p21 war , which prevents cell cycle progression 
from Gl into S phase [5]. Animal studies have also demon- 
strated that the EGFR plays a role in goblet cell differentiation 
in the airways [6, 7]. A close correlation between EGFR acti- 
vation and induction of MUC5AC mRNA expression has 
also been demonstrated in normal and asthmatic bronchial 
epithelium [8]. 
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Many phenotypic responses downstream of the EGFR re- 
quire temporal regulation of the expression of multiple genes. 
Recognizing that the EGFR plays a major role in the wound- 
healing response, we considered the possibility that, in addition 
to regulating the phenotypic behaviour of the responding cell, 
EGFR activation may also directly co-ordinate responses of 
inflammatory cells within the wound environment by secretion 
of soluble mediators involved in cell-cell communication. Al- 
though there is little information about such a proinflammatory 
role for the HGFR, it has been shown that treatment of a 
colonic adenocarcinoma cell line with EGF caused increased 
1L-8 synthesis [9] and that an EGFR antibody inhibited IL-8 
expression by human transitional cell carcinomas grown ortho- 
topically in nude mice [10]. More recently, EGF has been shown 
to cause IL-8 release from BEAS-2B cells [II], consistent with a 
role for the EGFR in the pathogenesis of airway inflammation. 
In view of the fact that severe asthma is characterized by neu- 
trophilic inflammation and. increased production of IL-8 
[12, 13], the purpose of this study was to characterize the rela- 
tionship between EGFR activation and production of the neu- 
trophil chemoattrractants IL-8 and macrophage inhibitory 
protein 1 alpha (MlP-ltx) using bronchial epithelial cells cul- 
tured in vilro and to establish whether there was a relationship 
between the high levels of EGFR expression in asthma and 
epithelial IL-8 or MlP-lat expression in vivo. 



Materials and methods 

Bronchoscopy 

Bronchial biopsies and bronchial epithelial cell brushings were 
obtained by libreoptic bronchoscopy, in accordance with stand- 
ard guidelines [14]. Surface epithelial cells were obtained by 
gentle bronchial brushing and bronchial biopsies were taken 
from the subcarinae of the lower and middle lobes using alliga- 
tor forceps. Written informed consent was obtained from all 
volunteers and ethical approval was obtained from the Joint 
Ethics Committee of Southampton University and General 
Hospital. 

Primary cell culture 

Primary bronchial epithelial cells were established from bron- 
chial brushings obtained by fibreoptic bronchoscopy from five 
asthmatic volunteers (two males, three females), mean age 
33.4 years (range 20-58) and mean forced expiratory volume 
of 1 s (FEV,) 73.9% (range 63-83%) predicted. Subjects were 
receiving regular treatment with salhutamol (n= f) alone or 
together with inhaled corticosteroids (n = 4). Primary cultures 
were also established from seven non-asthmatic control subjects 
(two males, five females), mean age 34. 7 years (range 21-53) and 
mean FEV| 106.7% (range 95-120%) predicted. Primary cul- 
tures were grown in bronchial epithelial growth medium 
(BEGM; Clonetics, San Diego, CA, USA) as previously 
described [15]. 

Effects of oxidants, cytokines and growth factors on cytokine 
production 

Serum-starved NC1-H292 cells (24 h in serum-free medium; 
Ultraculture, Biowhittaker, Wokingham, UK) were treated 
with HjOj or EGF at the doses stated for 24 h in the absence 



or presence of dexamethasone (Ium) or tyrphostin AG 1478 
(I um). Both inhibitors were dissolved in dimethyl sulphoxide 
(DMSO); control incubations showed that this vehicle was 
without effect at the doses used. Primary bronchial epithelial 
cells were used at passage two and were rendered quiescent in 
bronchial epithelial cell basal medium (BEBM; Clonetics) sup- 
plemented with 1% bovine serum albumin, and insulin, trans- 
ferrin and sodium setenite supplement (Sigma, Poole, UK) prior 
to use. Cells were then stimulated in the same medium with 
EGF (lOng/mL) or TNF-a (lOng/mL) in the absence or pres- 
ence of AG1478 (1 um) for 24h. 

Following exposures, culture supernatants were harvested by 
centrifugation and stored at - 80 °C prior to assay for IL-8 and 
MlP-la by enzyme-linked immunosorbent assay (ELISA) 
according to the manufacturer's instructions (Biosource 
Europe, Nivelles, Belgium). The cell monolayer was fixed in 
formol saline and cell number determined by the method of 
Oliver et al. [ 1 6]. Cytokine levels were corrected for cell number. 

Analysis of EGFR phosphorylation using SDS-PAGE and 
western blotting 

Serum-starved H292 cells were treated in serum-free medium in 
the absence or presence of 1 0 ng/mL EGF or 300 um H 2 0 2 alone 
or in combinatiou with AG1478 (1 um) for 0-60 min. At the end 
of each time point, cells were lyscd and tyrosine phosphorylated 
proteins analysed by sodium dodecyl sulphate polyacrylamide 
gel electrophoresis (SDS-PAGE) and western blotting. To con- 
firm phosphorylation of the EGFR in the presence of EGF and 
H2O2, tyrosine phosphorylated proteins were immunoprecipi- 
lated using PY-20 agarose and EGFR detected by SDS-PAGE 
and western blotting with an anti-EGFR antibody, using previ- 
ously described protocols [1]. 

Analysis of IL-8 gene expression 

Serum-starved H292 cells were treated with Ultraculture ± 
EGF (10 ng/mL) or H 2 0 2 (300 jim) in the presence or absence 
of AG 1478 (I um) and left for 8h. RNA was extracted using 
TRIzol reagent (Invitrogen, Paisley, UK), DNase-treated and 
reverse transcribed using random hexamers. IL-8 primer and 
probe sequences labelled with 5'-reporter dye FAM (6-carboxy- 
fluorescein) and 3'-quencher dye TAMRA (6-carboxy-N',N\ 
N'.N'-tetramethyl-rhodamine) were: forward primer, 5'-AAG- 
GAACCATCTCACTGTGTGTAAAC-3'; reverse primer, 
5'-TTAGCACTCC1TGGCAAAACTG-3'; and probe, FAM- 
5'-CTGCCAAGAGAGCCACGGCCAG-3-TAMARA. Pri- 
mers directed against ribosomal RNA (18S rRNA) were used 
as the endogenous control (Applied Biosyslems.Warrington, 
UK). Real-time detection of the multiplex PCR reaction was 
followed on an ABI Prism 7700 sequence detection system 
(Applied Biosystems, Warrington, UK). Standard curves were 
generated using serial dilutions of cDNA obtained from pooled 
samples; the relative primer efficiencies of both systems, as 
indicated by the gradient of the standard curves, were within 
+ 2% of each other. Data were normalized relative to the 18S 
rRNA. 

Immunohistochemistry 

For immunohistochemistry, glycol methacrylate-embedded 
bronchial biopsies were collected from 15 non-asthmatic sub- 
jects, 14 atopic mild asthmatics and 10 severe asthmatics. The 
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healthy control group (nine males, six females) had a mean age 
of 22.0 years (range 20-46) and a mean FEV, 106% (range 
78-147%) predicted. The asthma groups were as defined by 
the GINA guidelines [17]. The mild asthmatics (12 males, two 
females) had a mean age of 26.4 years (range 1 9-54) anil a mean 
FEV| 93.6% predicted (range 82-107%). The severe group (one 
male, nine females) with a matched mcau age of 28.6 years 
(range 13-53) had a significantly lower (P = 0.001) mean 
FEV i of 74.9% predicted (range 53-95%). The mild asthmatics 
were receiving salbutamol only and the severe group was on a 
mean inhaled steroid dose of 3060 ug/day (range 2000-4000) 
and oral corticosteroid dose of 37.5 mg/day (range 2.5-100). 

Two-micron sections were cut from glycol methacrylate 
(GMA)-embedded biopsies and stained immunohistochemi- 
cally [18]. Mouse monoclonal, antibodies (raAbs) against TL-8 
(Alexis, Nottingham, UK), MIP-loc (R&D Systems, Abingdon, 
UK) and neutrophil elastase (Dako, Cambridge, UK) were 
used together with a sheep polyclonal antibody against the 
EGFR (University of Southampton) [1]. For controls, the pri- 
mary antibodies were replaced with isotype-matched immuno- 
globulin or buffer alone. 

All slides were randomly coded and assessed by an observer 
blinded to the code. Positive epithelial staining was measured 
based on red/blue/green colour composition using computer- 
ized image analysis (Colourvision, lmprovision, UK), as previ- 
ously described [1], The number of neutrophils and eosinophils 
were counted within the submucosa, the area measured by 
image analysis and number of cells/mm 2 submucosa calculated. 

Statistical analysis 

Immunohistochemistry data was analysed by the Mann- 
Whitney tMesl. H292 epithelial cell culture data was analysed 
using Student's Mest, whereas primary epithelial cell data, 
which were not normally distributed, were analysed by Wilcox- 
on rank sum test. A probability value, P < 0.05 was considered 
significant. 



Results 

Stimulation of IL-8 expression and release from bronchial 
epithelial cells 

To determine whether the EGFR could contribute to ongoing 
inflammation in asthma, we measured the ability of EGF and 
H2Q2 to stimulate the expression and release of IL-8 from 
monolayers of H292 bronchial epithelial cells. Under the condi- 
tions tested, both EGF and HjOj stimulated a rapid increase in 
tyrosine phosphorylation of the EGFR (Fig. 1) via ligand- 
dependent and ligand-independent mechanisms, respectively; 
this increase could be blocked by the EGFR-selective [1 J tyro- 
sine kinase inhibitor, tyrphostin AG1478. Following treatment 
with either EGF or H2O2. analysis of IL-8 gene transcription 
using real-time PCR showed that cither treatment caused a 
significant increase in IL-8 mRNA and this response was also 
completely blocked by AG 1478 (Fig. 2). 

Consistent with the increased gene transcription, EGF was 
found to cause a dose-dependent increase in IL-8 release from 
the H292 cells and this was also blocked by AG1478 (Fig. 3a). 
As severe asthma is corticosteroid refractory, wc also examined 
the elTcct of dexamethasone on EGF-induccd IL-8 release. In 
this case, inhibition was observed but the extent of inhibition 



decreased as the dose of EGF increased; at the three highest 
concentrations of EGF, IL-8 release in the presence of dexa- 
methasone was significantly increased above baseline (Fig. 3a). 
Increased IL-8 production was also observed when cells were 
treated with H 2 02, but in this case all doses were maximally 
stimulating (Fig. 3b). As for EG F, AG 1 478 completely blocked 
IL-8 release in response to H2O2 whereas dexamethasone 
caased 39% inhibition irrespective of H2O2 dose. 

To investigate whether EGFmight also affect release of other 
neutrophilic chemokines, we also examined release of MlP-lot. 
However, in this case no increase was observed upon treatment 
with either EGF or AG 1478 alone, although some suppression 
was observed when the cells were cultured in the presence of 
EGF together with AG 1478 (Fig. 4a); the reasons for this are 
unclear. In contrast, treatment with cither 500 or 600 jim H2O2 
caused a significant (P< 0.004) increase in MIP-1a release 
and this was partially suppressed by dexamethasone 
(/»< 0.04, 500 um H 2 0 2 ; P < 0.01, 600 um H 2 0 2 ), but not by 
AG1478 (P>0.05; Fig. 4b). The failure of AG 1478 to affect 
MlP-lct release induced by H 2 0 2 indicates that it is acting to 
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Fig. 1 . Induction of EGFR phosphorylation by EGF and H 7 0 2 . H292 
bronchial epithelial cells were treated in serum-free medium In the 
absence or presence of EGF (10 hg/mL) Or H ? 0? (300 UM) without or with 
AG 1478 (1 um) for 0-60 min. Phosphotyoslne-containing proteins in cell 
lysates were detected by western blotting (left panel). The 170 kDa 
phosphpproteln Indicated by the arrow was confirmed as the EGFR by 
immunoprecipitation using PY-20 agarose followed by western blotting 
lor the presence of the EGFR (right panel). The blots shown are 
representative ot 3 Individual experiments. 
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Fig. 2. Induction of IL-fi gene expression by EGF and H 2 0 2 . Quiescent 
H292 bronchial epithelial cells were treated in the presence of EGF (1 0 ng/ 
mL) or H?0 : (300 um) without (□) or with 1 um AG147B (■) for 8 h and then 
IL-8 mRNA analysed by real-time PCR. Data are mean + SEM (n = 3 for 
EGF-treated cells; n = 5 for H^Oj-treated cells) and are normalized 
relative to IL-8 gene expression In untreated cells. 'P < 0.05 versus 
untreated control cells. 
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Fig. 3. IL-8 release from H292 bronchial epithelial cells. Quiescent cells 
were treated with increasing doses of EGF (a) or H 2 0 2 (b) in the absence 
(open bar) or presence of 1 (i« dexamolhasone (grey bar) or 1 |im AG1478 
(black bar) for 24 h. The graphs show IL-8 release into the culture 
supernatant after correcting for cell number. Data are mean ± SEM 
(n=6); *P<0.05. "P< 0.001 versus appropriate baseline controls (i.e. 
SFM alone for comparison of EGF- or H-iOrtreated cells; SFM + dex for 
comparisons in the presence of dex; or SFM + AG1478 for comparisons in 
the presence of AG1478). 



selectively to inhibit aspects of H292cell function mediated via 
the EGFR. 

As the responses of cell lines are sometimes atypical, we 
further investigated the effect of EGF using primary asthmatic 
bronchial epithelial cell cultures established from bronchial 
brushings. As observed with the H292 cell line, EGF caused a 
3 ± 1.07-fold increase (P<0.05) in IL-8 release from these 
asthmatic cell cultures and this was completely blocked by 
AG1478 (Fig. 5a); although H 2 0 2 caused a 2 ± 1.0-fold in- 
crease in IL-8 release, this failed to reach statistical significance. 
In the same experiments, TNF-a (10 ng/mL) caused a 3.9 ± 1 .0- 
fold increase (P < 0.05) in IL-8 release. It was also noted that 
AG 1478 suppressed basal IL-8 release, suggesting autocrine 
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Fig. 4. MIP-1* release from H292 bronchial epithelial cells. Quiescent 
cells were treated with increasing doses of EGF (a) or H,Oj (b) in the 
absence (open bar) or presence of 1 mm dexamethasone (grey bar) or 1 um 
AG1478 (black bar) tor 24 h. The graphs show MIP-1a release into the 
culture supernatant after correcting for cell number. Data are mean + 
SEM (n = 5 or 6); 'P < 0.05 versus appropriate controls (i.e. SFM alone lor 
comparison of EGF- or H 2 0 2 -treated cells; SFM i dex for comparisons in 
Ihe presence of dex; or SFM t AG147B for comparisons in the presence of 
AG1478). . 



stimulation of the cells. Measurement of EGF or oxidant- 
stimulatcd IL-8 release from primary cultures derived from 
seven normal subjects revealed responses comparable to those 
of the asthmatic cultures (Fig. 5b) with EGF causing a 
3.3 ± 0.6-fold increase (P < 0.05) but H 2 0 2 failing to signifi- 
cantly stimulate above baseline. For comparison, there was a 
7.5 + 1.5-fold increase (?<0.05) in response to TNF-a. The 
slightly lower response of the asthmatic cells to EGF or TNF-a 
was not statistically significant (P > 0.1) and did not show any 
correlation with steroid use. 

Immunohistochemical analysis of chemokine expression 
in bronchial biopsies from mild and severe asthmatic 
subjects 

To assess whether there was any relationship between EGFR 
expression and epithelial IL-8 in asthma, we undertook immu- 
nohistochemical analysis of bronchial biopsies from asthmatic 
subjects with varying degrees of disease severity. As we have 
demonstrated previously [1], expression of the EGFR was 
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significantly higher in subjects with severe asthma compared to 
those with mild asthma or normal controls {% epithelial 
staining) median 18.6 (range 0.9-38.6) in severe asthma com- 
pared to median 6.4 (range 0.5-18.3; P = 0.04) in mild asthma; 
or median 6.0 (range 0.0-14.3; P = 0.02) in the non-asthmatic 
controls. Significantly higher levels of IL-8 and MlP-la were 
also observed in the bronchial epithelium of the severe asthmat- 
ics compared to the mild asthmatics or normal controls (Fig. 
6a). Expression of I L-8 (% epithelial staining) in severe asthma 
was found to be median 8.5 (range 2.5-14.3) versus median 1.4 
(range 0-5.5) in mild asthma (P = 0.001) or median 0.6 (range 
0.0-1.9) in normal controls (P< 0.001), whereas that for MIP- 
Ict was median 17.3 (range 2.8-31.0) versus median 7.6 (range 
1.1-15.7; P=0.04) in mild asthma and median 0.4 (range 
0.0-6.2; P -0.001) in the non-asthmatic bronchial epithelium. 
There was no significant difference in cither epithelial EGFR or 
IL-8 expression between the non-asthmatic controls and the 
mild asthmatic group; this may reflect the relatively mild degree 
of disease within this asthmatic group [mean FEVi 93.6% pre- 
dicted (range 82-107%)]. Consistent with the higher levels of 
neutrophil chemoattractants detected at the severe end of the 
disease spectrum, significantly more neutrophils were observed 
in. the submucosa of the severe asthmatics (24 neutrophils/mm 2 , 
range 11 174) compared to the mild asthmatics (12 neutrophils/ 
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Fig. 5. IL-6 release from primary asthmatic (a) or normal (b) bronchial 
epithelial cells. Quiescent cells were treated with EGF (10 ng/mL) or H 2 0 2 
(300 hm) In the absence (LI) or presence of 1 um AQ1478 (B)for 24 h. The 
graphs show IL-8 release into the culture supernatant after correcting 
(or cell number. Data are mean ± SEM [n= 5 (asthma) or 7 (normal)l; 
significance values were determined using Wilcoxon's rank sum test. 



mm 2 , range 1-24; P= 0.007). T he expression of EGFR in the 
asthmatic biopsies strongly correlated with IL-8 expression 
(r =0.70, P < 0.001; Fig. 6b), and there was a trend for a signifi- 
cant correlation between both EGFR and I L-8 with the number 
of neutrophils in the submucosa (r = 0.43, P = 0.06; and 
r = 0.41, P=0.08, respectively). In those patients using cortico- 
steroids, there was no significant correlation between any of the 
measured parameters and steroid dose. 



Discussion 

Chronic severe asthmatic patients have a greatly impaired qual- 
ity of life and account for up to 50% of the health costs of this 
disease [19]. Although treatment with corticosteroids signifi- 
cantly reduces airway inflammation in mild asthma [20], this is 
not the case at the severe end of the spectrum where neutrophilic 
inflammation. and high IL-8 levels persist despite high doses of 
both oral and inhaled corticosteroids [12, 13]. While corticoster- 
oids may contribute to inflammation by reducing neutrophil 
apoptosis [21 ], this does not fully explain the underlying reason 
(s) for. neutrophil influx into the airways in severe disease. 

As we have previously reported [1], expression of EGFR is 
increased in (he bronchial , epithelium of severe asthmatic 
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Fig. 6. (a) Comparative analysis of trie epithelial expression of IL-8 and 
MlP-la In bronchial epithelium of non asthmatic control subjects or those 
with mild or severe asthma. Data are expressed a9 percentage epithelial 
staining which was determined by computer-aided image analysis, 
(b) Correlation between IL-8 and EGFR expression in asthmatic bronchial 
epithelium. 
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subjects. This increase is steroid refractory and it is not a conse- 
quence of corticosteroid treatment 11]. As EGFR levels increase 
in the skin [22], gastrointestinal tract [23] and lungs [24, 25] in 
response to tissue injury, the high levels observed throughout 
the epithelium of severe asthmatic subjects would suggest that 
there is widespread, ongoing stress and damage in the airways. 
In normal epithelium, EGFRs are expressed on the basolateral 
surface [1] and are spatially separate from their activating 
ligands contained in the apical lining fluid [26]. In contrast, in 
severe asthma EGFR immunostaining is also evident on the 
apical surface suggesting the potential for cognate ligand recep- 
tor interactions [I]. Thus, our finding that EGF stimulates IL-8 
mRNA synthesis and release from bronchial epithelial cells 
provides a link between EGFR up-regulation in response to 
tissue injury and induction of a neutrophilic inflammatory re- 
sponse mediated by the resident cells. Our finding that EGFR 
expression in the bronchial epithelium closely correlated with 
the expression of IL~8, and that both EGFR and IL-8 showed a 
trend for correlation with neutrophil numbers further supports 
this cause-effect relationship. Such a response may explain lie 
increase in epithelial IL-8 expression after exposure of volun- 
teers to agents such as ozone, DEPs or NOj which also have the 
capacity to cause epithelial damage [27-29]. The demonstration 
of increased epithelial IL-8 expression in the present study, is 
consistent with previous studies which have shown increased 
levels of IL-8 in lavage fluid of severe asthmatics [12, 13]. Be- 
cause EGFRs arc increased in the bronchial epithelium of 
smokers [30], a similar mechanism may also contribute to IL-8 
expression and neutrophilia in smokers and COPD patients. As 
the barrier to the external environment, the bronchial epithe- 
lium may have a critical role as a sensor of environmental stress, 
with exaggerated responses having pathological consequences. 

Studies using the human epithelial cell lines, A549 and BEAS- 
2B, have shown that H2O2 induces expression of lL-8 [31, 32]; 
however, our studies using H292 and primary bronchial epithe- 
lial cells extend these observations by showing that IL-8 gene 
transcription and release stimulated by either H 2 0 2 or EGF is 
mediated by EGFR-dcpendent pathways. The present study 
confirms the previous study with BEAS-2B cells [11] and 
extends it by demonstrating that EGF can overcome the inhibi- 
tory effects of corticosteroids. Corticosteroids suppress IL-8 
production in mild asthma, but in the severe asthmatic epithe- 
lium increased expression of both IL-8 and MlP-la was evident, 
even though the subjects were on a mean inhaled steroid dose of 
3.1mg/day and a mean oral dose of 37.5mg/day. As EGFR 
levels are elevated in severe asthma independent of therapy, 
these receptors offer increased signalling capacity that might 
contribute to the insensitivity of IL-8 release to corticosteroid 
therapy. The selectivity of the EGF-induced response was fur- 
ther demonstrated with the observation that MlP-la release 
was only provoked by H ; C>2 and this did not involve the 
EGFR. These differences may be due to differential activation 
of transcription factors. EGF has been demonstrated to acti- 
vate NF-kB [33], consistent with the known involvement of NF- 
icB for IL-8 transcription and the partial suppression of IL-8 
release by dexamethasone. However, the inability of dexa- 
methasone to fully block EGF-stimulated IL-8 release suggests 
the activation of other transcription factors by EGF. Likely 
candidates are the lefJtcf transcription factors that are activated 
by EGF or Wnt signalling and are known to activate IL-8 gene 
transcription [34]. In contrast, MlP-la transcription does not 



appear to involve nuclear factor kappa B (NF-kB), but may 
involve other transcription factors such as activator protein 
(AP)-1 which is known to be activated by oxidants [31, 32]. 

Based on the results presented, we postulate that several self- 
perpetuating cycles are established in the airways in severe 
asthma with neutrophils occupying a central role (Fig. 7). In 
the first, tissue injury leads to increased surface EGFR expres- 
sion with ligand-dependent EGFR activation causing IL-8 re- 
lease and neutrophil influx. As neutrophil numbers and EGFR 
expression in severe asthma are both refractory to corticoster- 
oid treatment [1,21], these observations are consistent with a 
link between persistent neutrophil-mediated inflammation and 
epithelial damage. As a consequence of neutrophil influx, en- 
dogenous oxidants act directly on the epithelium to stimulate 
release of MlP-la, which attracts more neutrophils into the 
airways, leading to further tissue activation and injury. Super- 
imposed on these two cycles is a third cycle in which the re- 
sponses to tissue injury are amplified by TNF-a released by 
neutrophils and other inflammatory cells, including macro- 
phages and mast cells. The importance of oxidants is further 
emphasized by the antioxidant status of the epithelium and its 
ability to resist oxidative stress: It has been shown that antioxi- 
dants levels arc lower in the epithelium [35, 36] and broncheoal- 
veolar lavage (BAL) [37] of asthmatic when compared to 
normal subjects. These decreases will be accompanied by in- 
creases in oxidant levels from the polluting stimuli and infil- 
trating neutrophils. Another interaction between neutrophils 
and EGFR activation has recently been identilicd where neu- 
trophil-derived oxidants cause mucus hypersecretion [38], 
another feature of severe asthma, 

While these self-perpetuating cycles of inflammation and 
tissue injury explain the chronic nature of airway inflammation 
in severe asthma, they do not explain how the appropriate 
microenvironment is created in the airway that establishes this 
inflammation. Nor do they account for the increased sensitivity 
of asthmatic subjects to innocuous components of the inhaled 
environment. One possible explanation can be provided by our 
recent studies where we have demonstrated that asthmatic epi- 
thelial cells are more susceptible to oxidant-induced apoplosis 
than arc those from healthy controls [15]. Susceptibility to 
environmental oxidants may be triggering a mechanism that 
facilitates the initial inflammatory responses that enable the 



Environment 




Fig. 7. Schematic representation showing how self-perpetuating cycles 
of chronic inflammation, tissue injury and sustained neutrophilic 
inflammation are established in the bronchial mucosa of severe 
asthmatics. 
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chronic cycles to become established. Together, these observa- 
tions would readily account for the involvement of environ- 
mental pollutants in asthma exacerbations and the rising 
trends in asthma over the last 30 years. 

In conclusion, our data highlight the importance of the bron- 
chial epithelium in the regulation and modulation of inflam- 
mation, particularly in chronic severe asthma that is refractory 
to corticosteroid therapy. As the barrier to the external environ- 
ment, wc postulate that the epithelium plays a key role in 
translating gene by environment interactions in asthma and 
other inflammatory airway diseases and that it may represent 
a new target for therapeutic intervention. 



Acknowledgements 

This work was supported by Programme Grant number 
G8604034 from the Medical Research Council UK, the Sir 
Jules Thorn Charitable Trust, by the InsliUilo Mcxicano del 
Seguro Social and CONACYT. 



References 

1 Puddicombe SM, Polosa R, Richtcr A ct al. The involvement of 
(he epidermal growth factor receptor in epithelial repair in asthma. 
FASEB J 2000; 14:1362-74. 

2 Davies DE, Polosa R, Puddicombe SM, Richter A, Holgate ST. . 
The epidermal growth factor receptor and its ligand family: their 
potential role in repair and remodelling in asthma. Allergy 1999; 
54:771-83. 

3 Olayioye MA, Neve RM, Lane HA, Hynes NE. The RrhB signaling 
network: receptor heterodhnerizulion in development and cancer. 
EMBO J 2000; 19:3159 67. 

4 Deinoly P, Siniony-Lafimtaine J, Chancz P ct al. Cell proliferation 
in the bronchial mucosa of asthmatics and chronic hronchitics. 
Am J Respir Crit Care Med 1994; 150:214-7. 

5 Puddicombe SM, Torres-Lozano C, Richtcr A et al. Impaired 
epithelial proliferation and expression of the cyclin dependent 
kinase inhibitor, p21 w " r , in asthmatic bronchial epithelium. Am 
) Respir Cell Mol Biol 2003; 28:61-8. 

6 Takeyama K, Dabbagh K. Lee HM et al. Epidermal growth factor 
system regulates mucin production in airways. Proc Natl Acad Sci 
USA 1999;96:3081-6. 

7 Shim J J . Dabbagh K, Ueki IF et al . IL- 1 3 induces mucin production 
by stimulating epidermal growth factor receptors and by activating 
neutrophils. Am J Physiol Lung Cell Mol Physiol 2001; 280: 
L134-40. ■ 

8 Takeyama K, Fahy JV, Nadel J A. Relationship of epidermal growth 
factor receptors to goblet cell production in human bronchi. 

Am J Respir Crit Care Med 2001; 163:511-*. 

9 Schucrcr-Maly CC, Eckmann L. KaguoffMF, Falco MT, Maly FE. 
Colonic epithelial cell lines as a source of inrcrIcukin-8: stimulation 
by inflammatory cytokines and bacterial lipopolysaccharide. 
Immunology 1994; 81:85 -91. 

10 Perrotle P, Matsumolo T, Inoue K et al. Anti-epidermal growth 
factor receptor antibody C225 inhibits angiogenesis in human 
transitional cell carcinoma growing orthotopically in nude mice. 
Clin Cancer Res 1999; 5:257-65. 

1 1 Subauste MC, Proud D. Effects of tumor necrosis factor-alpha, 
epidermal growth factor and transforming growth factor-alpha on 
intcrlcukin-8 production by, and human rhinovirus replication 

in, bronchial epithelial cells. Int Tmmunopharmacol 2001; 
1:1229-34. 



12 Jatakanon A, Uasuf C, Maziak W, Lim S, Chung KF, Barnes PJ. 
Neutrophilic inflammation in severe persistent asthma. Am J Respir 
Crit Care Med 1 999; 1 60: 1 532-9. 

13 Ordonez CL, Shaughnessy TE. Malthay MA. Fahy JV. Increased 
neutrophil numbers and IL-8 levels in airway secretions in acute 
severe asthma: clinical and biologic significance. Am J Respir Crit 
Care Med 2000; 161:1 185-90. 

14 N1H Workshop Summary and Guidelines. Investigative use of 
bronchoscopy, lavage and bronchial biopsies in asthma and other 
airways diseases. Eur Respir J 1992; 5:115-21. 

1 5 Bucchieri F, Puddicombe SM , Lordau JL ct. al. Asthmatic bronchial 
epithelium is more susceptible to oxidant-induced apoptosls. 

Am J Respir Cell Mol Biol 2002; 27:179-85. 

16 Oliver MH, Hairison NK, Bishop it. Cole PJ, Laurent GJ. A rapid 
and convenient assay for counting cells cultured in microwell plates: 
application for assessment of growth factors. J Cell Sci 1989; 
.92:513-8. 

17 WHO/NHLBI Workshop Report. Global Strategy for Asthma 
Management and Prevention. NIH Publication number 96-3659 A. 
Bethcsda, MD: National Institute of Health, National Heart, Lung 
and Blood Institute, 1995. 

18 Britten KM. Howarth PH, Roche WR. lnimunohistochemistry on 
resin sections: a comparison of resin em redding techniques for small 
mucosal biopsies. Biotech Histochem 1993; 68:271-30. 

19 Serra-Batlles J, I'laza V, Morejon E, Cornelia A, Brugues J. Costs of 
asthma according U> ihc degree of severity. Eur Respir J 1998; 

. . . 12:1322 6. 

20 Djukanovic R, Wilson JW, Britrcn KM et al. Effect of an inhaled 
corticosteroid on airway inflammation and symptoms in asthma. 
Am RevRespir Dis 1992; 145:669-74. ' - 

21 Cox G. Glucocorticoid treatment inhibits apoptosis in human 
neutrophils: separation »f survival and activation outcomes. 

J Immunol 1995: 154:4719 25. 

22 Antoniades HN, Galanopoulos T. Neville-Golden J, Kiritsy CP. 
Lynch SE. Expression of growth factor and reccptormRNAs in skin 
epithelial cells following acute cutaneous injury. Am J Pathol 1993; . 
142:1099-110. 

23 Hoffmann P, Reinshagen M, Zeeh .TM et al. Increased expression of 
epidermal growth factor-receptor in an experimental model of colitis 
iri rats. Scand J Gastroenterol 2000; 35:1 174^80. 

24 Mudtes DK, Busby HK, Strandjord TP, Clark JG. Expression of 
transforming growth factor-alpha and epidermal growth factor 
receptor is increased following blcomycin-induced lung injury in 
rats. Am J Respir Cell Mol Biol 1994; 11:540-51. 

25 Tesfaigzi J, Johnson NF, Lechner JF. Induction of EGF receptor 
and ErbB-2 during endotoxin-induced alveolar type II cell 
prohferation in the rat lung. Int J Exp Pathol 1996; 77: 143-54. 

26 Kumar RK, O'Grady R, Di Girolaiho N. Epidermal growth factor- 
like molecular species in normal bronchoalveolar lavage fluid. Lung . 
1996;174:171-9! 

27 Krishna MT, Madden J, Teraa LM et al . Effects of 0.2 ppm ozone 
on hiomarkers of inflammation in bronchoalveolar lavage fluid and 
bronchia] mucosa of healthy subjects. Eur Respir J 1998; 
11:1294-300. 

28 Salvi S, Nordcnhall C, Blomberg A et al. Acnte exposure to dies*! 
exhaust increases IL-8 and GRO-n production in healthy human 
airways, Am J Respir Crit Care Med 2000; 161:550-7. 

29 Blomberg A, Krishna MT, Bocchino V et al. The inflammatory 
effects of 2 ppm N0 2 on the airways of healthy subjects (published 
erratum appears in Am J Respir Crit Care Med 1997; 156:2028]. 
Am J Respir Crit Care Med 1997; 156:418 24. 

30 Barsky SH, Roth MD, Kleerup EC. Simmons M, Tashkin DP. 
Histopathologic and molecular alterations in bronchial epithelium 
in habitual smokers of marijuana, cocaine, and/or tobacco. J Natl 
Cancer Inst 1998; 90:1 198-205. 

31 Lalcshnunarayanan V, DrabrWeiss EA, Roebuck KA. H202 and 
tumor necrosis factor-alpha induce differential binding of 



1> 2003 Blackwdl Publishing Ltd, Clinical and Experimental Allergy. 33:233-240 
J>AC E 8/9 * RCVD AT 5/14/2007 8:28:19 AM (Pacific Standard Time] " SVR:SVCS01/1 ' DNI8:6034 ' CSID:(613) 908-3257 ' DURATION <mm-ss):07-38 



-From C613) 998-3257 



Order # 06859649DP05739852 Mon 14 May 2007 11:27:44 AM EDT 



Page 9 of 9 



240 L. M. Hamilton et al. 



the redox-responsive transcription factors AP- 1 and NF-kappaB 
to the interleukin-8 promoter in endothelial and epithelial cells. 
J Biol Chcm 1998; 273:32670-8. 

32 Lakshminarayanan V. Beno DW, Costa RH, Roebuck KA. 
Differential regulation of interleukin-8 and intercellular adhesion 
molecule- 1 by H 2 0 2 and tumor necrosis factor-alpha in endothelial 
and epithelial cells. J Biol Chem 1997; 272:32910-8. 

33 Biswas DK, Cruz AH, Gansberger E, Pardee AB. Epidermal growth 
factor-induced nuclear factor kappa B activation. A major pathway 
of cell-cycle progression in estrogen-receptor negative breast cancer 
cells. Proc NalJ Acad Sci USA 2000; 97:8542 7. 

34 Levy L, Neuveul C, Renard CA et al. Transcriptional activation of 
interleukin-8 by beta-catenin-TCF4. J Biol Chem 2002; 
277:42386-93. 



35 de Raeve HR, Thunnissen FB, Karieko FT et al. Decreased Cu, 
Zn-SOD activity in asthmatic airway epithelium: correction 

by inhaled corticosteroid in vivo. Am 1 Physiol 1997; 272: 
LI 48-54. 

36 Smith LJ, Shamsuddin M, Sporn PH, Denenberg M, Anderson J. 
Reduced superoxide dismutase in lung cells of patients with asthma. 
Free Radic Biol Med 1 997; 22: 1 301-7. 

37 Kelly FJ, Mudway I, Blomberg A, Frew A, Sandstrom T. Altered 
lung antioxidant status in patients with mild asthma. Lancet 1999: 
354:482-3. 

38 Takeyama 1C, Dabbagh K, Jeong SJ, Dao-Pkk T, Ueki IF, 
Nadel JA. Oxidative stress causes mucin synthesis via 
transactivation of epidermal growth factor receptor: role of 
neutrophils. J Immunol 2000; 164:1546-52. 



I 



© 2003 Blackwell Publishing Ltd, Clmivttl and Experimental Allergy, 33:233-240 
PAGE 9/9 * RCVD AT 5/14/2007 8:28:19 AM [Pacific Standard Time] ' SVR:SVCS01/1 * DNIS:6034 * CSID:(613) 998-3257 ' DURATION (mm-ss):07-38 



Imaging, Diagnosis, Prognosis 



P-Cadherin Overexpression Is an Indicator of Clinical Outcome 
in Invasive Breast Carcinomas and Is Associated with 
CDH3 Promoter Hypomethylation 

Joana Paredes, 1 Andre Albergaria, 1 Joao T. Oli veira, 1 Carmen Jeronimo, 2,3 
Fernanda Milanezi, 1,5 and Fernando C. Schmitt 1,4 

Abstract Purpose: P-cadherin overexpression has been reported in breast carcinomas, where it was asso- 
ciated with proliferative high-grade histological tumors. This study aimed to analyze P-cadherin 
expression in invasive breast cancer and to correlate it with tumor markers, pathologic features, 
and patient survival. Another purpose was to evaluate the P-cadherin promoter methylation 
pattern as the molecular mechanism underlying this gene regulation. 

Experimental Design: Using a series of invasive breast carcinomas, P-cadherin expression was 
evaluated and correlated with histologic grade, estrogen receptor, MIB-1, and p53 and c-erbB-2 
expression. In order to assess whether P-cadherin expression was associated with changes in 
CDH3 promoter methylation, we studied the methylation status of a gene 5'-flanking region in 
these same carcinomas. This analysis was also done for normal tissue and for a breast cancer cell 
line treated with a demethylating agent. 

Results: P-cadherin expression showed a strong correlation with high histologic grade, increased 
proliferation, c-erbB-2 and p53 expression, lack of estrogen receptor, and poor patient survival. 
This overexpression can be regulated by gene promoter methylation because the 5-Aza-2'-deoxy- 
cytidine treatment of MCF-7/AZ cells increased P-cadherin mRNA and protein levels. Additionally, 
we found that 71% of P-cadherin-negative cases showed promoter methylation, whereas 65% of 
positive ones were unmethylated {P = 0.005). The normal P-cadherin-negative breast epithelial 
cells showed consistent CDH3 promoter methylation. 

Conclusions: P-cadherin expression was strongly associated with tumor aggressiveness, being 
a good indicator of clinical outcome. Moreover, the aberrant expression of P-cadherin in breast 
cancer might be regulated by gene promoter hypomethylation. 



Cadherins are cell-cell adhesion glycoproteins that form 
calcium-dependent intercellular junctions and play an essen- 
tial role in morphogenesis and in the development and 
maintenance of adult tissues and organs (1). During 
embryogenesis, the cell expression of specific cadherins 
results in homophilic interactions that are critical in the 
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process of cell sorting and tissue stratification (2-4). 
Alterations in these cellular attachments play an important 
role in cell destabilization and may modify the carefully 
regulated differentiation process of the epithelial structures 
(5, 6). For this reason, the functional loss or overexpression 
of cadherins and the molecular mechanisms underlying the 
control of the genes codifying these proteins have been 
implicated in carcinogenesis (7). 

The cadherin family is subdivided into various subfamilies, 
including the classical E-, P-, and N-cadherins, each demon- 
strating a specific tissue distribution (8). Although E-cadherin is 
expressed in all epithelial tissues, the expression of P-cadherin 
is only restricted to the basal or lower layers of stratified 
epithelia, including prostate and skin, and also to the breast 
myoepithelial cells (6, 9). This unique distribution of 
P-cadherin suggests that, in addition to maintaining cellular 
adhesion, this molecule may also have other unknown 
functions, which can be important in cell differentiation and 
proliferation (5, 6). 

Up-regulation of P-cadherin has been shown in several 
lesions, including breast cancer, in which there is usually down- 
regulation of E-cadherin (10). Breast carcinomas show aberrant 
P-cadherin expression in - 30% of the cases and has been 
reported as a prognostic marker of poor outcome in patients 
(11, 12). The differential pattern of P-cadherin expression in 
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breast cancer development, coupled with its possible prognos- 
tic value, prompted us to investigate its expression in a series of 
invasive breast carcinomas. 

Furthermore, we have previously found that P-cadherin 
aberrant expression results from a lack of estrogen receptor-a 
(ER-a) signaling and induces in vitro cell invasion in a 
juxtamembrane domain-dependent manner (13). Additionally, 
based on the fact that the 5'-flanking region (Genbank no. 
X95824) of the P-cadherin gene (CDH3) has been character- 
ized as a CpG island (14), we thought that promoter 
methylation could be a putative molecular mechanism 
responsible for its transcriptional regulation. 

This hypothesis is also supported by the fact that the same 
mechanism of regulation was shown for the E-cadherin gene. 
Aberrant methylation across the promoter region of this gene' 
results in a selective inactivation of its transcription (15, 16). 
E- and P-cadherin genes exhibit a similar genomic organization, 
both containing 16 exons and a similar promoter region (17). 
The localization of the human P-cadherin gene is at 32 kb 
upstream of the human E-cadherin gene, also mapping to 
chromosome 16q22.1, showing the evolutionary conservation 
of the tandem arrangement of two genes encoding cell 
adhesion molecules, suggesting that the close proximity of 
these genes may be important for their regulation (18). 

The 5'-flanking region of the E-cadherin gene has been 
sequenced and found to be extremely CG-enriched, meeting the 
criteria for a "CpG island" (19, 20). Methylation of E-cadherin 
has been shown in breast cancer and in some other cancers and 
cell lines (16, 21-24), although this functional block of 
E-cadherin expression can be removed with exposure of cell 
lines to demethylating agents in vitro (25-27). Additional 
factors regarding the E-cadherin gene, which seem important to 
transcriptional regulation, include a palindromic sequence 
E-pal (where transcriptional repressors as Snail and Slug bind) 
and a Sp-1 binding site (19). 

In contrast, the comparison of the 5'-flanking sequence of the 
human P-cadherin gene with the one for E-cadherin shows no 
homology for this palindromic sequence E-pal (17). In the 
P-cadherin promoter, there is conservation of a CAAT box, with 
no TATA box, and three E boxes (helix-loop-helix binding 
motif). A putative Sp-1 binding site is also conserved (14). An 
A\u repeat is present - 700 bp upstream from the translation 
start site, and analogous to the human E-cadherin sequence, 
shows a CG-rich region characteristic of a CpG island (14). 

Genes that show a CpG island within their promoter region 
are normally regulated by methylation. Few studies describing 
P-cadherin promoter methylation status have been published 
thus far and, to the best of our knowledge, none have been 
done in human breast cancer specimens. However, cytosine 
methylation of this region was described in P-cadherin- 
nonexpressing prostate cancer cell lines (LNCaP, TSU-PR1, 
and DuPRO) but not in cell lines expressing this gene (PC3, 
DU145, and PPC1; refs. 14, 19). Simultaneously, a recent study 
describing epigenetic silencing of E- and P-cadherin gene 
expression in human melanoma cell lines was reported, in 
which methylation-specific PCR analysis revealed that 
P-cadherin seems to be silenced by methylation events (28). 

Although these studies point to cytosine methylation as a 
possible mechanism of P-cadherin expression regulation, 
Jarrard et al. claim that other mechanisms should be able to 
regulate the consistent loss of P-cadherin expression in in vivo 



prostate cancer specimens. In contrast with breast cancer 
models, these authors found that P-cadherin is restricted to 
basal epithelial cells in normal prostate samples, but is down- 
regulated in prostatic intraepithelial neoplasia and is absent in 
all prostate cancer specimens analyzed. Additionally, the lack of 
expression was not associated with methylation of the 
P-cadherin promoter (14). 

Based on all these results, we decided to evaluate if the 
promoter methylation could be the molecular mechanism 
responsible for the transcription regulation of the CDH3 gene, 
using a series of invasive breast carcinomas. These results were 
compared with normal breast tissue, and confirmed in a breast 
cancer cell line treated with a demethylating agent. 

Materials and Methods 
Breast tumor samples 

Formalin-fixed paraffin-embedded blocks of 150 invasive breast 
carcinomas were retrieved from the histopathology files at the 
Department of Pathology, Hospital Xeral Ci'es, Vigo, Spain, selected 
from a cohort of patients with follow-up information. From all cases, 
we analyzed the available relevant data, including age, tumor size, 
mitotic index, axillary metastasis, tumor grade, ER-a status, MIB-1, 
c-erbB-2, and p53 expression. The mean age of the patients at diagnosis 
was 56 years (range, 28-82 years old). The size of the tumors ranged 
from 1 to 10 cm (mean, 2.8 + 1.5 cm). ER-a was evaluated in 150 
tumors, where 100 cases were positive. MIB-1 expression was assessed 
in 147 cases, 70 with <15% of positive cells and 77 with >15% of 
positive cells. C-erbB-2 expression was analyzed in 139 cases and p53 
expression in 145 cases, 34 cases were positive for c-erbB-2 and 66 were 
positive for p53. As a measure of prognosis, we analyzed the clinical 
data concerning disease-free survival, defined as the time from 
diagnosis to first recurrence or last contact, and the overall survival, 
defined as the time from diagnosis to death by breast cancer or last 
contact. 

Immunohistochemistry 

lmmunohistochemical studies of representative sections were carried 
out using standard methods. Sections cut 2 |im thick were mounted on 
gelatin (Merck, Merck KgaA, Darmstadt, Germany) and chromium (III) 
potassium sulfate 12-hydrate- coated slides (Merck), dried overnight at 
37°C, deparaffinized with xylene and hydrated. An antigen retrieval 
method was carried out by microwave treatment, in a 0.05% detergent 
solution for E- and N-cadherin antibodies (10 minutes), and with a 
10 mmol/L citrate buffer, pH 6.0 (DAKO Corporation, Carpinteria, CA) 
for P-cadherin antibody (30 minutes). Endogenous peroxidase was 
blocked with 3% hydrogen peroxide in methanol for 10 minutes. 
Sections were submitted to protein blockage with a specific serum 
(Ultravision block, LabVision Corporation, Fremont, CA) and incubated 
with the monoclonal primary antibody for 30 minutes at room 
temperature (E-cadherin, HECD-1, 1:200, Zymed Laboratory, San 
Francisco, CA; P-cadherin, clone 56, 1:50, Transduction Laboratories, 
Lexington, KY; and N-cadherin, clone 3B9, 1:400, Zymed Laboratory). 
The other steps of immunohistochemical staining were done using 
standard protocols on an automated LabVision Autostainer (LabVision 
Corporation), with a specific kit based on streptavidin-biotin-peroxidase 
method. Subsequently, the sections were counterstained with Mayer's 
hematoxylin, dehydrated, cleared, and mounted. 

Positive and negative controls were included with each batch of 
staining to ensure consistency between consecutive runs. Paraffin 
sections of normal skin tissue were used as positive controls for E- 
cadherin, normal breast tissue was used for P-cadherin, and cardiac 
muscle was used for N-cadherin. Immunohistochemical results were 
not assessed in some cases (49 for E-cadherin, 3 for P-cadherin, and 
8 for N-cadherin) because there was no more tumor material available. 
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Quantification of inununostaining 

All tumors presenting an unequivocal membranous staining for 
cadherin in at least 10% of the neoplastic cells were scored as positive. 
Cells with cytoplasmic expression alone were not considered. The 
assessment of immunohistochemical results was based on a semiquan- 
titative evaluation, which did not include staining intensity, as 
previously reported (29). 

Cell culture and treatments 

The human MCF-7/AZ breast cancer cell line was obtained from Prof. 
Marc Mareel (Laboratory of Experimental Cancerology, Ghent Univer- 
sity, Belgium) and routinely maintained at 37°C and 10% C0 2 , in 50% 
DMEM/50% Ham's F12 media (Invitrogen, Merelbeke, Belgium), 
supplemented with 10% heat-inactivated fetal bovine serum (Invitro- 
gen), 100 IU/mL penicillin, and 100 g/mL streptomycin (Invitrogen). 

These cells were incubated during 5 days with 2.5 umol/L of 5-Aza- 
2'-deoxycytidine (Sigma Chemical Co., St. Louis, MO), which reduces 
the level of 5-methylcytosine in DNA, or just with DMSO (which was 
the vehicle of this drug) for use as a control. After 5 days, RNA and 
protein cell lysates were isolated from these cells. 

Reverse transcription-PCR analysis 

Reverse transcription-PCR experiments were done using total RNA, 
which was extracted from -5 x 10 6 cells using the Qiagen RNeasy kit 
(Qiagen, Chatsworth, CA). One microgram of total RNA was reverse- 
transcribed with oligo(dT) primers using the Qiagen RT kit (Qiagen) 
according to the manufacturer's instructions. P-cadherin cDNA was 
amplified using the sense primer 5'-ACGAAGACACAACAGAGATTGG 
and the antisense primer 5-CGATGATGGAGATGTTCATGG, in order to 
generate a 287-bp product. PCRs were done in 250 ng template cDNA 
using the Qiagen Taq PCR kit (Qiagen) according to the manufacturer's 
instructions. Reactions were done in a Minicyder (Biozym, Landgraaf, 
the Netherlands) with an initial denaturation at 94 °C for 3 minutes; 20, 
30, or 35 cycles of 94°C for 50 seconds (denaturation), 55°C for 50 
seconds (annealing), and 72 °C for 1 minute (elongation), followed by 
a final extension at 72°C for 10 minutes. 

Western blot analysis 

All lysates were made of cells - 90% confluence, which were washed 
thrice with PBS. Cells were lysed with PBS containing 1% Triton X-100, 
1% Nonidet P-40 (Sigma), and the following protease inhibitors: 
aprotinin (10 ug/mL), leupeptin (10 ug/mL; 1CN Biomedicals, Costa 
Mesa, CA), phenylmethylsulfonyl fluoride (1.72 mmol/L), NaF (100 
nmol/L), NaVO., (500 jimol/L), and Na 4 P 2 0 7 (500 ug/mL; Sigma). After 
clearing the lysates, protein concentration was determined using the Rc 
Dc protein assay (BioRad, Richmond, CA), and samples were prepared 
such that equal amounts of protein were to be loaded. Sample buffer 
(Laemmli) with 5% 2-mercaptoethanol and 0.012% bromophenol blue 
was added, followed by boiling for 5 minutes and separation of proteins 
by gel electrophoresis on an 8% polyacrylamide gel and transfer onto a 
nitrocellulose membrane (Amersham Pharmacia Biotech, Piscataway, 
N)). Quenching and immunostaining of the blots were done in 5% 
nonfat dry milk in PBS containing 0.5% Tween 20. The membranes were 




Fig. 1. Illustration of a normal mammary duct selected for laser tissue 
microdissection: A, only clearly identifiable epithelial cells layer were cautiously 
selected. B, the epithelial cell clusters were laser-cut and catapulted for a 
special vial for DNA extraction. 



quenched for 1 hour, incubated with primary antibody for P-cadherin 
(clone 56, 1:500, Transduction Laboratories) for 1 hour, washed 
four times for 10 minutes, incubated with horseradish peroxidase - 
conjugated secondary antibody for 45 minutes, and washed six times for 
10 minutes. Detection was done using enhanced chemiluminescence 
reagent (Amersham Pharmacia Biotech) as a substrate. 

Laser-assisted tissue microdissection 

To analyze the methylation pattern in normal epithelia, five frozen 
normal breast tissues were selected from the archive of the Department 
of Pathology, Hospital Sao loao, Porto, Portugal. These frozen samples 
were included in ornithine carbamyl transferase solution (Bright, 
Huntingdon, England) and sections 10 urn thick were placed in specific 
slides for laser microdissection. The slides were stained with H&E and 
visualized in a Laser Microdissector Microscope (PALM, Bernried, 
Germany). Breast normal glandular epithelia were identified in the 
sections and only prominent epithelial cells were selected for 
microdissection (Fig. 1A). In all cases, >10,000 epithelial cells were 
cautiously laser-cut and laser pressure -catapulted for a specific vial 
(Fig. IB), from which DNA extraction was done according to Qiagen 
protocols for DNA extraction from laser tissue microdissection. 

Methylation-specific PCR analysis 

In order to optimize the methylation-specific PCR technique, we 
used genomic DNA extracted from nine frozen breast tumor tissues 
retrieved from the Portuguese Oncology Institute of Coimbra (IPOFG- 
CROC, Portugal). The tumor tissues were macerated and genomic DNA 
extraction was done according to the standard protocol for human 
tissues — Genomic DNA from Tissue Kit (NucleoSpin Tissue, Macherey- 
Nagel, GmbH & Co., KG, Duren, Germany). Genomic DNA (200 ng/ 
uL) was converted by bisulfite treatment as described below. Because we 
studied P-cadherin protein expression in these frozen tumor cases, these 
methylation-specific PCR results were also considered for statistical 
analysis, together with 55 cases from the series of paraffin-embedded 
samples, where tumor material was still available to perform DNA 
extraction. 

DNA extraction 

Fifty-five paraffin-embedded samples were cut to 10-um-thick sections 
and, after identification of the tumor areas of interest, these were carefully 
microdissected. The samples were then placed into microcentrifuge tubes 
with a freshly prepared lysis buffer/proteinase K mixture, and incubated 
overnight at 56°C until complete lysis of the fragments. The DNA 
extraction was done according to the same standard protocol for human 
tissues previously referred to. DNA from all 64 samples (55 paraffin- 
embedded and 9 frozen cases) was quantified, and wild-type DNA from 
each case was amplified using P-cadherin-specific primers. Genomic 
blood DNA was used as wild-type positive control (Fig. 2A). 

Methylation analysis 

Bisulfite treatment. Sodium bisulfite conversion of P-cadherin 5' 
CpG island was done in 3 ng of genomic DNA from the total 64 tumor 
cases. This same treatment was applied to DNA extracted from the five 
normal breast tissues that were laser-microdissected. Briefly, and based 
on the standard protocol described elsewhere (30), DNA was denatured 
by incubation with NaOH (final concentration, 0.2 mol/L), for 20 
minutes at 50°C. To function as a carrier, 1 ng of salmon sperm DNA 
(Stratagene, La lolla, CA) was mixed with the initial human DNA. A 
freshly made sodium bisulfite solution [2.5 mol/L sodium bisulfite 
(Sigma), 125 mmol/L hydroquinone (Sigma), and NaOH 2 mol/L (pH 
5.0)] was added to the DNA sample, in order to convert the 
unmethylated cytosines to uracils. This conversion allows the distinction 
between methylated and unmethylated DNA. After 3 hours of 
incubation in the dark at 70°C, convened DNA was purified, using a 
commercial Wizard DNA purification resin, as described by, the 
manufacturer (Promega Corporation, Madison, WI). Finally, the 
purified DNA was eluted into 45 uL of preheated (80°C) water. 
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Fig. 2. Wild-type and methylation control patterns of the analyzed P-cadherin 
promoter region (W, Wild-type; M. methylated; U, unmethylated): A wild-type 
pattern of genomic DNA untreated and treated with bisulfite (DNA-T). As 
expected, P-cadherin wild-type primers do not recognize the promoter site of 
bisulfite-transformed DNA. B. on the left, the blood DNA treated with CpG 
methylase M.SssI (in vitro DNA) was only amplified with P-cadherin primers 
specifically designed for methylated promoter region after the bisulfite treatment. 
Bisulfite-treated DNA from blood was used as a positive control for the 
unmethylated promoter region. On the right, bisulfite-treated DNA from LnCap 
and PC3 cell lines were also used as P-cadherin methylation and unmethylation 
positive controls, respectively. 

Modification was completed by NaOH treatment (final concentration, 
0.3 mol/L) for 10 minutes at room temperature, followed by 
neutralization reaction with 75 u,L of ammonium acetate 6 mol/L. 
DNA precipitation was done by adding 2 uL of glycogen (5 mg/mL; MBI 
Fermentas), and after pellet washing with 70% ethanol, DNA was dried, 
resuspended in 40 u.L of water and stored at — 20°C. 

Methylation-specific PCR analysis. After the bisulfite treatment, all 
samples were amplified by PCR. For a final volume of 25 uL of PCR 
reaction mix, 400 ng of bisulfite-modified DNA was added to the 
PCR mix containing lx PCR buffer [16.6 mmol/L ammonium sulfate, 
67 mmol/L Tris (pH 8.8), 6.7 mmol/L MgCl 2 , and 10 mmol/L 
2-mercaptoethanol|, deoxynucleotide triphosphates (each at 1 mmol/L), 
0.6 nmol/L primers, 2% DMSO and 1 unit Platinum Taq DNA 
polymerase (Life Technologies, Inc., Rockville, MD). The gene-specific 
primer sequences for both methylated and unmethylated P-cadherin 
promoter were, respectively: P-cad-M (sense 5'-GGCGGGATT- 
TCCTGCCCT; antisense 5'-ATAAAACAACTACCGCG ACG ); P-cad-U 
(sense 5'-CCTCGGATTTTCTGGTGTTC; antisense 5'-ATAAAACAAC- 
TACCACAACAACA). The annealing temperature was 55°C, generating 
a 140-bp product. Reactions were hot-started at 95 °C for 5 minutes and 
PCR amplification was carried out in a thermocyder for 38 cycles (30 
seconds at 95°C 30 seconds at 55°C, the annealing temperature, and 45 
seconds at 72°C). A final extension was done at 72°C for 10 minutes. 
Negative controls, without DNA, were done for all sets of PCRs. Each PCR 



product was directly loaded into a nondenaturing 6% polyacrylamide gel, 
and stained with silver nitrate. As a positive methylation control, we used 
blood DNA treated with CpC methylase M.SssI (BioLabs Inc., New 
England; in vitro DNA), and blood bisulfite-treated DNA was used as a 
positive unmethylated control (Fig. 2B). Cenomic DNA was also 
obtained from human prostate cancer cell lines, for use as additional 
positive methylation controls: LNCaP, which present methylation within 
the CDH3 promoter, and PC3, which express detectable P-cadherin and 
are unmethylated at CDH3 promoter (ref. 14; Fig. 2B). 

As. already mentioned, we also did PCR amplification for P-cadherin 
promoter wild-type sequence, and the primers used were: P-cad-W (sense 
5'-CCCCCCCCACCTCCTCCCGC, antisense 5'-CTGAACCAG- 
CTCCCGCGACG). The annealing temperature was 67°C, generating a 
142-bp product. Human DNA extracted from blood leukocytes was used 
as positive controls. For a final volume of 30 uL of PCR reaction mix, 
200 ng of DNA was added to lx PCR buffer |500 mmol/L KC1, 
100 mmol/L Tris (pH 8.8), and 0.8% NP40], deoxynucleotide 
triphosphates (each at 0.2 mmol/L), 0.3 umol/L primers, and 1 unit 
of Taq DNA polymerase (Amersham Pharmacia Biotech). The PCR 
amplification was carried out using the following conditions: 1 cycle 
at 95 °C for 5 minutes, and 35 cycles at 95 °C for 30 seconds, followed 
by 67°C (specific annealing temperature) for 30 seconds and 72°C for 
45 seconds. Additionally, a final extension at 72 °C for 10 minutes was 
done. Negative controls without DNA were used for all sets of PCRs. 
As expected, P-cadherin wild-type primers did not recognize the 
promoter site of bisulfite-transformed DNA (Fig. 2A). All the ampli- 
fied products were directly loaded and stained as described above. 

In order to classify the methylation status of the cases that were 
studied, the ones showing only methylated alleles were considered 
methylated (M; or with complete methylation), and the ones with only 
unmethylated alleles were considered unmethylated (U; or with 
complete demethylation). The cases that showed partial methylation, 
which means the presence of both methylated and unmethylated 
alleles, were also considered methylated (M), based on previous reports 
describing methylation-specific PCR analysis (24, 31, 32). 

Statistical analysis 

For statistical analysis, contingency tables and x 2 test were done to 
estimate the relationship between staining patterns of the different 
cadherins and several of the factors analyzed, such as tumor grade, 
lymph node metastasis, vascular invasion, ER-a, MIB-1, c-erbB-2 and 
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Table 1. Correlation between P-, E-, and N-cadherin expression and ER-a, MIB-1, c-erbB-2, and p53-positive 
expression 

P-cad + P-cad - P E-cad + E-cad - P N-cad + N-cad - P 

ER-a 34.8% (16 of 46) 80.2% (81 of 101) (0.0001 75.5% (37 of 49) 61.53% (32 of 52) 0.1315 100% (3 of 3) 68.3% (95 of 139) 0.2408 
MIB-1 76% (35 of 46) 42.9% (42 of 98) 0.0002 46.8% (22 of 47) 54.9% (28 of 51) 0.4233 33.3% (1 of 3) 52.2% (71 of 136) 0.5176 
c-erbB-2 41.5% (17 of 41) 17.9% (17 of 95) 0.0036 32.56% (14 of 43) 20% (10 of 50) 0.1676 33.3% (1 of 3) 23.4% (30 of 128) 0.6902 
p53 62.2% (28 of 45) 37.8% (37 of 98) 0.0064 39.6% (19 of 48) 50% (25 of 50) 0.3000 50% (1 of 2) 46.6% (63 of 135) 0.9253 
Total 46 101 49 52 3 139 



p53 expression, and CDH3 methylation status. ANOVA was used to 
investigate differences in tumor size and mitotic index. Two values 
were considered significantly different when P < 0.05. Univariate 
survival curves were estimated using the method of Kaplan-Meier and 
compared using the log-rank test. Statistical analyses were carried out 
using StatView 5.0 Software (SAS Institute Inc., Cary, NC). 

Results 

Cadherin expression and correlation with biologi- 
cal markers 

From the 150 cases of the studied series, 149 were graded in 
accordance with the modified criteria of Bloom and Richardson 
(14, 33): 21 were classified as grade I (14.1%), 44 as grade II 
(29.5%), and 84 as grade III (56.4%) tumors. 

P-cadherin immunoreactivity was absent in 101 (68.7%) 
primary breast cancers analyzed and aberrantly expressed in 46 
cases (31.3%). Distribution of P-cadherin in tumor cells 
showed membranous staining frequently associated with 
cytoplasmic expression (Fig. 3A). P-cadherin expression was 
always found in myoepithelial cells from normal ducts/acini 
and from ducts containing in situ carcinoma, but not in acinar 
or ductal normal epithelial cells. 

P-cadherin expression showed a statistically significant corre- 
lation with histologic grade, because this protein was essentially 
present in high-grade tumors (36 of 46; 78.3%), whereas grade I 
cases were almost all negative (P = 0.0021; Fig. 3B). 

Statistical analysis revealed an inverse correlation between 
P-cadherin expression and ER-a status: 80.2% of P-cadherin- 
negative cases were ER-a-positive. The x 2 te st showed that this 
difference was statistically significant (P < 0.0001; Table 1). The 
correlation between P-cadherin and MIB-1, and c-erbB-2 and 
p53 expressions, was also evaluated: the majority of P-cadherin- 
positive cases were highly proliferative (P = 0.0002), and 
significantly related to c-erbB-2 (P = 0.0036) and p53 
expression (P = 0.0064; Table 1). Additionally, an important 
association was observed with high mitotic index (P = 0.0003, 
data not shown). No significant correlation was found between 
P-cadherin expression and tumor size, axillary lymph node 
metastasis, and angiogenesis. Although invasive ductal carci- 
nomas and medullary carcinomas were frequently P-cadherin- 
positive, a statistically significant difference with the tumor 
histologic type was not reached. 

Concerning E-cadherin, half of the studied cases were 
negative (52 of 101; 51.5%), showing a clear decrease of 
membranous staining in the neoplastic epithelial cells. 
N-cadherin was only found in 2.1 1% (3 of 142) of the tumors, 
and its expression was restricted to a small population of cells 
with a faint membranous staining, and with cytoplasmic 
expression. No correlation was found between the expression 



of these two cadherins and any of other tumor parameters 
studied here (Table 1; Fig. 3B), and there were also no 
significant associations between the expression of cadherins. 

Cadherin expression and survival analysis 

The mean follow-up time was 113 ± 53 months (range, 
1-176 months). There were 12 local recurrences after diagnosis, 



Fig. 4. A, reverse transcription-PCR analysis of P-cadherin mRNA levels after 
5-Aza-2'-deoxycytidine treatment of MCF-7/AZ cells for 5 days.The analysis 
was done after the indicated number of cycles of PCR amplification. In the presence 
of the demethylating agent, the increased P-cad mRNA was more evident at 
the 30-cycle point, during the exponential phase of the PCR reaction. B. 
irnmunoblotting, for P-cadherin analysis, of cell lysates from MCF-7/AZ cells that 
had been treated with 5-Aza-2'-deoxycytidine. In comparison with the control cells, 
there was an increased P-cadherin expression in the MCF-7/Az cells that were 
incubated with the demethylating agent. C, methylation-specific PCR results from 
the five normal breast tissues, where epithelial cell layers were laser microdissected 
from the ducts. All the cases showed complete CDH3 promoter methylation. D, 
examples of complete or partial methylation and unmethylation patterns: complete 
methylation pattern (cases 12 and 15), partial methylation pattern (cases 13 and 18). 
and complete unmethylation pattern (cases 8. 9. 11. 14. 16. and 17). F. correlation 
between P-cadherin expression and the methylation status of the analyzed gene 
promoter region. The majority of P-cadherin-negative cases were unmethylated on 
this promoter region (P = 0.005). 
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45 cases with distant metastasis, and 45 deaths because of 
breast cancer in the cohort. Disease-free survival and overall 
survival differed significandy between classes of P-cadherin 
expression, as revealed in Kaplan-Meier plots. The probabilities 
of disease-free and overall survival were significantly lower 
for patients with P-cadherin-positive tumors (P = 0.0027 and 
P = 0.0237, respectively; Fig. 3C and D). The interval between 
diagnosis and local recurrence also showed a slight correlation 
with P-cadherin expression: a mean of 35 ± 20.15 months 
for positive and 73.6 ± 32 months for negative tumors 
(P = 0.0545). No correlation was found between E- or 
N-cadherin expression and disease-free and overall survival. 

P-cadherin promoter methylation 

MCF-7/AZ cells treated with 5-Aza-2'-deoxycytidine. To 
evaluate whether it would be reasonable to test our hypothesis 
in a breast cancer series, we treated MCF-7/AZ cells, which 
present lower levels of P-cadherin, with the demethylating agent 
5-Aza-2'-deoxycytidine (2.5 nmol/L). After 5 days, we harvested 
the cells, and we analyzed P-cadherin mRNA and protein levels, 



by reverse transcription-PCR and Western blot, respectively. 
We observed an increase of both levels, suggesting that 
hypomethylation of the promoter accompanies transcriptional 
activation of the CDH3 gene in this breast cancer cell line 
(Fig. 4A and B). 

Normal breast epithelial cells. P-cadherin promoter methyla- 
tion was analyzed in five cases of normal breast tissue, from 
which only epithelial cells were microdissected. Methylation of 
P-cadherin gene was found in all the cases analyzed, because 
none of the samples showed the presence of unmethylated 
alleles (Fig. 4C). Indeed, these results are highly correlated with 
P-cadherin expression because normal breast epithelial cells are 
negative for this protein. This evidence supported the hypothe- 
sis that the transcriptional inactivation of P-cadherin in such 
cells could be regulated by CDH3 prompter methylation. 

Invasive breast carcinomas. P-cadherin promoter methyla- 
tion was analyzed in 64 cases of invasive carcinomas (Table 2). 
Methylation of P-cadherin gene was found in 58% (37 of 64) 
of invasive carcinomas, whereas P-cadherin unmethylation was 
found in 42% (27 of 64; Fig. 4D; Table 2). When these results 
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were correlated with P-cadherin expression, a statistically 
significant association was found between these variables: 
71% of P-cadherin-negative cases were methylated, whereas 
65% of positive cases were unmethylated (P = 0.005; Fig. 4E; 
Table 2). Interestingly, six out of seven cases showing panial 
methylation (with both methylated and unmethylated alleles) 
were negative for P-cadherin expression, reinforcing the 
correlation that was observed. Thus, the transcriptional control 
of P-cadherin in human breast cancer might be associated with 
changes of CDH3 CpG island promoter methylation. 

Discussion 

Over the last 5 years, research on breast cancer has 
suggested the use of many new prognostic markers. Some of 
these markers could raise questions, not only about divergent 
phenotypes, but also about different histogenesis. One of 
these examples is P-cadherin, which has been identified as a 
possible valuable indicator of poor prognosis in breast cancer 
patients (12). In this study, confirming the results obtained by 
others (11, 12, 29, 34), P-cadherin was indeed significantly 
expressed in high-grade, ER-a-negative, and highly prolifera- 
tive invasive breast tumors. Furthermore, a shorter patient 
disease-free and overall survival in P-cadherin-positive invasive 
carcinomas was found using the statistical univariate analysis 
done. 

The phenotype acquired by this specific subset of tumors is 
actually classified as myoepithelial/basal-like, which means the 
acquisition of molecules frequently restricted to the myoepi- 
thelia of normal breast tissue and loss of the ones expressed by 
epithelial cells (35). These characteristics have indeed been 
already associated with poor patient survival (35), confirming 
that P-cadherin is one of the proteins related to biological 
aggressiveness in breast carcinomas. In a recent report from our 
group regarding the involvement of P-cadherin in cell invasion, 
we have shown that this molecule has an effective proinvasive 
activity in the MCF-7/AZ breast cancer cell line, through its 
interaction with signaling proteins bound to the juxtamem- 
brane domain (13). In a way, these results give an explanation 
as to why P-cadherin is correlated with poor prognosis in breast 
cancer patients. Accordingly, Taniuchi et al. also showed that 
overexpressed P-cadherin/CDH3 promotes the motility of 
pancreatic cancer cells by its interaction with pl20ctn and 
consequent activation of Rho-family GTPases (36). Based on 
these results, the blocking of P-cadherin activity, or its 
associated signaling, could probably be a novel therapeutic 
approach for treatment of aggressive breast carcinomas. 

We have already found a direct link between P-cadherin 
expression and the lack of ER-a signaling in breast cancer cells, 
showing that P-cadherin expression depends on an estrogen- 
independent cell environment (13). Additionally, genetic or 
epigenetic alterations in the P-cadherin gene is likely to regulate 
the behavior of neoplastic cells as compared with that of 
normal epithelial cells: cell-cell interactions may be changed, 
leading to modified intercellular communication and, conse- 
quently, altered intracellular signaling (37). 

DNA methylation of promoter CpG islands has been 
recognized as an important mechanism for regulation of gene 
expression and transcriptional modification in mammals. 
Although considerable work has been done on the epigenetic 
control of tumor suppressor genes, little is known about the 



potential role of promoter CpG demethylation in the activation 
of oncogenes (32). 

The present study showed a statistically significant correlation 
between the methylation patterns of the CDH3 promoter region 
of P-cadherin and its aberrant protein expression levels in breast 
carcinomas. This methylation status of the DNA chromatin in 
P-cadherin promoter region might play a role in the ability of 
transcription factors to bind to the transcription start site, thus 
regulating mRNA transcription, and consequently its protein 
expression. Our results are supported by larrard and collabo- 
rators' data in prostate cancer cell lines (14). They showed that 
CDH3 promoter methylation occurs in P-cadherin-negative cell 
lines, but not in cell lines expressing this gene, and showed a 
complete ablation of P-cadherin transcriptional activity when 
methylation was present to any extent within the GC-rich 
promoter region. This was also described in a recent study done 
in melanoma cell lines (28), and is in keepingwith reports on the 
role of promoter methylation for transcriptional regulation of 
tissue-specific genes (38). Moreover, the treatment of an 
extensive culture of MCF-7/AZ breast cancer cell line with 
5-Aza-2' -deoxycytidine demethylating agent induced the ex- 
pression levels of P-cadherin mRNA and protein. These results 
provided clear evidence that the observed correlation in vivo is 
backed up by experimental in vitro data. 

In contrast with our results, these same authors have reported 
the absence of a correlation between in vivo P-cadherin 
expression in prostate adenocarcinomas and the methylation 
status of the CDH3 promoter (14). In prostate tissue, P-cadherin 
is strongly expressed on basal epithelial cells and is completely 
negative in luminal epithelial cells. However, in contrast with 
breast cancer, this protein was absent in the prostate cancers 
analyzed in this study. Additionally, the methylation status of a 
P-cadherin CpG island was examined in 12 normal and matched 
primary prostate cancers, using methylation-sensitive enzymes. 
Although all the restriction sites analyzed were found to be 
unmethylated in P-cadherin-positive normal tissues, no detect- 
able methylation was shown in any tumor sample, showing no 
correlation with the absence of P-cadherin expression (14). In 
our opinion, the conflicting results obtained by these authors can 
be explained by two reasons: (a) the number of cases that were 
studied and (b) the distinct methodology that was used. Also in 
our series, we obtained cases that did not show correlation 
between the promoter methylation status and the protein 
expression: 29% of the P-cadherin-negative cases showed 
unmethylation pattern, and 35% of the positive cases were 
methylated. However, using statistical analysis in a large tumor 
series, we were able to find a significant correlation between 
P-cadherin expression and gene hypomethylation. Statistics 
using only 12 cases cannot be representative of the methylation 
process as a regulator mechanism occurring in cancer cells. 
Besides, these authors claim that the normal prostate tissue is 
completely unmethylated for the P-cadherin gene in all the 
restriction sites analyzed. Because normal tissue includes basal 
P-cadherin-positive cells as well as luminal P-cadherin-negative 
cells, it was expected to find both methylated and unmethylated 
alleles in these samples. Therefore, we used methylation-specific 
PCR assays in order to analyze larger DNA fragments, and also 
microdissected our samples to get more homogenous cell 
populations. 

Furthermore, supporting our hypothesis, the laser-micro- 
dissected normal breast epithelia showed complete methylation 



www.aacrjournals.org 



5875 



Clin Cancer Res 2005;11 (16) August 15, 2005 



Imaging. Diagnosis. Prognosis 



of the CDH3 promoter region in the five cases studied, 
suggesting that P-cadherin protein expression is repressed in 
normal epithelial cells by this specific molecular mechanism. 
Based on these results, we can suggest that, during breast 
carcinogenesis, progressive hypomethylation of CDH3 alleles 
occurs, which induces its expression in some mammary 
carcinomas, where its functional activity induces cancer cell 
invasion and motility (13, 36). This progressive CDH3 
promoter hypomethylation is clearly seen in cases presenting 
partial methylation, which were still negative for P-cadherin 
expression like the normal epithelial cells. 

Cancer-associated DNA hypomethylation is as prevalent as 
cancer-linked hypermethylation, although its biological 
significance in carcinogenesis is less understood. There are 
several examples of other tumor-overexpressed genes, which 
become promoter-hypomethylated during carcinogenesis, 
supporting the data observed within CDH3. The cydin D2 
gene is overexpressed in a subset of gastric carcinomas, and 
Oshimo et al. have shown that DNA hypomethylation is a 
mechanism underlying the increased expression of cyclin D2 
in cancer cells and that its progressive demethylation may be 
involved in the development and progression of gastric 
carcinoma (32). Also, the melanoma antigen (MACE)- 
encoding genes are expressed in various tumor types via 
demethylation of their promoter CpG islands (39), which are 
silent in all nonneoplastic tissues except for the testis and 
placenta. Honda et al. have found that MACE-A1 and -A3 
demethylation occurs during progressive stages of gastric 



cancer, and tended to be associated with a worse patient 
prognosis (40). Also in breast cancer, urokinase-type plasmin- 
ogen activator, which is only expressed by highly invasive 
cancer cells and has been implicated in tumor motility, 
invasion, and angiogenesis, was also found to be the result of 
hypomethylation of its codifying gene (41-43). 

In conclusion, although there is just a small number of genes 
that have been shown to be transcriptionally activated by DNA 
demethylation, in comparison with the list of tumor suppressor 
genes that are silenced by hypermethylation in cancer cells, all 
these studies are consistent with the hypothesis that hypome- 
thylation of critical genes plays a role in cancer invasion and 
metastasis. Based on this, the methylation inhibition of these 
genes, like urokinase-type plasminogen activator and 
P-cadherin in breast cancer, can be used as a novel therapeutic 
approach to silence their expression and, consequently, to 
block tumor progression into the aggressive and metastatic 
stages of the disease. 
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ABSTRACT 

Expression of mammary-derived 
growth inhibitor in tissue from lactating 
and involuting bovine mammary glands 
was investigated. Seventeen lactating, 
pregnant (220 to 272 d in gestation) 
cows were divided in two groups of 8 
and 9 cows each. Cows of the first group 
were slaughtered while in lactation. 
Cows of the second group (9 involuting 
cows) were slaughtered at 13 to 52 d 
following sudden cessation of milking. 
High concentrations of mammary- 
derived growth inhibitor (.63% of the 
total protein) were detected in mammary 
tissue of lactating cows. Mammary- 
derived growth inhibitor (<10% of the 
total protein) was dramatically reduced 
during most of the involution period (13 
to 45 d following cessation of milking). 
Mammary-derived growth inhibitor was 
again detected (.28% of the total protein) 
during the last stage of the involution (46 
to 53 d after cessation of rnilking), which 
coincided with colostrum formation. 
When steady state concentrations of 
mammary-derived growth inhibitor 
mRNA were examined, the results ob- 
tained mirrored those obtained at the 
protein concentration. These data suggest 
that regulation of mammary-derived 
growth inhibitor occurs via modulation 
of the steady state concentration of its 
mRNA. Furthermore, there is a strong 
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correlation between mammary-derived 
growth inhibitor expression and lactation 
in dairy cows. 

(Key words: mammary-derived growth 
inhibitor, lactation, involution) 

Abbreviation key: MDGI = mammary- 
derived growth inhibitor. 

INTRODUCTION 

Mammary-derived growth inhibitor 
(MDGI) is a 13-kDa protein purified from the 
lactating bovine mammary gland (2, 9, 10). hi 
situ hybridization and immunohistochemical 
analysis showed that MDGI is actually 
produced by mammary epithelial cells (9). 
Mammary-derived growth inhibitor inhibits 
proliferation of several normal and transformed 
mammary epithelial cell lines in a dose- 
dependent and reversible manner (6). The 
MDGI protein and mRNA are higher in fully 
differentiated lactating glands than in rapidly 
developing glands of pregnant animals (9, 10). 
Mammary-derived growth inhibitor may fulfill 
a role in the onset of differentiation coupled 
with inhibition of mammary epithelial cell pro- 
liferation (6). 

Dairy cows require a nonlactating period of 
approximately 60 d prior to lactation to 
achieve maximal milk production in the subse- 
quent lactation (8, 11, 15). The nonlactating 
period of the dairy cow is divided into three 
distinct stages: 1) an initial period of active 
involution, which begins just after the cessa- 
tion of milking and is completed by approxi- 
mately 30 d in the dry period; 2) a period of 
steady state involution (31 to 45 d after cessa- 
of rnilking); and 3) a period of colostrum 
lation prior to the initiation of lactation (46 
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to 60 d following cessation of milking) (8, 14, 
15). Politis et aL (12, 13) detected veiy low 
concentrations of MDGI in the mammary 
glands of dairy cows during the first two 
stages of mammary involution. It is not known 
whether MDGI is expressed in the bovine 
mammary gland during the last stage of invo- 
lution, which coincides with colostrum forma- 
tion. Furthermore, there is no published infor- 
mation on changes of MDGI mRNA between 
lac taring and involuting animals. 

The objective of the present study was to 
investigate changes in MDGI mRNA and pro- 
tein concentrations between 1 acta ting and in- 
voluting animals. Emphasis was placed on the 
last stage of involution, which coincided with 
colostrum formation. Our work provides more 
basic knowledge toward understanding the 
molecular events affecting MDGI expression 
during mammary growth and development 

MATERIALS AND METHODS 

Animals 

Seventeen lactating, pregnant (220 to 272 d 
in gestation) Holstein cows were used through- 
out this investigation. Eight cows were slaugh- 
tered while in lactation. The remaining 9 cows 
were slaughtered during the dry period accord- 
ing to the following schedule: 3 cows at 12 to 
30 d, another set of 3 cows at 31 to 45 d, and 
the remaining 3 cows at 46 to 53 d following 
sudden cessation of milking. These days were 
chosen to correspond with the three distinct 
stages of the involution process: active involu- 
tion, steady state involution, and colostrum 
formation (8, 14, 15). Cessation of milking 
occurred at approximately 300 DIM At 
slaughter, the udder was removed quickly, and 
approximately 15 to 20 g of mammary tissue 
parenchyma were dissected, frozen in liquid 
nitrogen, and transported immediately to our 
laboratory. 

Tissue Preparation for MDGI 
Protein Determination 

Mammary tissue (10 g), obtained at the 
local slaughter house, was minced with scis- 
sors and homogenized using a Brinkman ho- 
mogenizer (Kinematica GmbH, Steinhofhalde, 
Switzerland) in 25 ml of homogenization 
buffer (50 mM Tris-HCl, pH 7.5, 25 mM KC1, 
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5 mM MgCl2) supplemented with .25 M su- 
crose and protease inhibitors: pepstatin A (.5 
ug/ml) and phenylmethylsulfonylsulfate (.5 
mM). The homogenate was centrifuged at 1000 
x g for 10 min. The supernatant was recovered 
and centrifuged at 100,000 x g for 30 min to 
obtain a pellet containing microsomes and mi- 
tochondria and a supernatant denoted as the 
cytoplasmic fraction. 

Detection of MDGI Antigen 

Western blot analysis using anti-MDGI rab- 
bit serum was employed to examine the pres- 
ence or absence of MDGI in the cytoplasmic 
fraction of bovine mammary tissue (12, 13). 
The cytoplasmic fraction contains the majority 
of MDGI present in the mammary cells (10, 
12, 13). Anti-MDGI rabbit IgG was produced 
by R. Grosse in the Central Institute of Molec- 
ular Biology, Academy of Sciences, Berlin- 
Buch, Germany. All details regarding prepara- 
tion and the specificity of this antibody have 
been described earlier (2, 10, 12, 13). 

The SDS-PAGE was carried out using 15% 
acrylamide-resolving gels and 4% acrylamide- 
stacking gels as described by Bohmer et aL 
(2). Samples were electrophoresed in .02 M 
Tris, .15 M glycine buffer (pH 8.3) at 30 mA 
for 5 h along with standards from 2.5 to 116 
kDa (Sigma Chemical Co., St. Louis, MO) in 
adjacent lanes. Gel portions containing stan- 
dards were cut, stained for 30 min in 1% (wt/ 
vol) Coomassie brilliant blue dye and 50% 
(wt/vol) trichloroacetic acid, and destained in 
20% (vol/vol) acetic acid. Portions of the gels 
containing fractionated proteins present in the 
cytoplasmic fraction of mammary tissue were 
further processed for Western blots. 

Western blots were prepared using immobi- 
lon membranes (Milhpore, Bedford, MA). 
Electrostatic transfer of samples previously 
fractionated by SDS-PAGE (30 V, 12 h, 4'C; 
Bio-Rad Transblot apparatus, Bio-Rad, Rich- 
mond, CA) was carried out in .02 M Tris, .15 
M glycine (pH 8.3) containing 20% methanol. 
Initially, membranes were incubated at room 
temperature for 30 min in Tris-buffered saline 
(50 mM Tris, .9% NaCl, pH 7.5) containing 
3% gelatin. Subsequently, all washes and incu- 
bations were carried out with Tris-buffered 
saline containing 1% gelatin. After washing, 
the membranes were incubated for 12 h with 
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anti-MDGI rabbit IgG (2 ug/ml); they were 
then washed and incubated for 2 h with the 
secondary antibody, peroxidase-conjugated 
anti-rabbit IgG (1:1000 dilution; Sigma Chem- 
ical Co.)- To ensure antibody specificity, a 
control lane was loaded with 1 ug of purified 
MDG1. The MDGI antigen was purified by R. 
Grosse in the Central Institute of Molecular 
Biology. All details of this purification proce- 
dure have been described earlier (6). All mem- 
branes were washed and stained with .003% 
hydrogen peroxide and 4-chloro-l-naphthol (.6 
mg/ml; Bio-Rad). 

Determination of MDGI Protein Content 

An ELISA methodology was developed to 
measure MDGI concentration in the cytoplas- 
mic fraction of bovine mammary cells ob- 
tained from lactating and involuting glands. 
Briefly, test samples were initially incubated in 
.1% SDS at 37'C for 30 min. This step is 
necessary because MDGI has the tendency to 
precipitate. Samples were then diluted in .1 M 
sodium bicarbonate buffer (pH 9.6), incubated 
overnight at 4*C in a 96-well polystyrene mi- 
croliter plate, and then equilibrated for 1 h at 
37*C with 100 Ul of anti-MDGI rabbit IgG (.8 
ug/ml). Wells were washed six times with PBS 
(.14 M NaCl, .01 M NaH 2 P0 4 , pH 7.2) con- 
taining .05% Tween 80, incubated for 1 h at 
37'C with 100 Ul of anti-rabbit IgG-peroxidase 
conjugate (1:2000 dilution), and washed again 
six times with PBS. One hundred microliters 
of .182 mM 2 / ^ , -azineo-diethylbenzothiazo- 
line sulfonate (Sigma Chemical Co.) in .1 M 
citrate buffer (pH 5.2) containing .003% 
hydrogen peroxide were then added to each 
well. Absorbance was measured at 405 nm 
after 10 min. Controls included in the assays 
were 1) wells coated with bovine serum albu- 
min without sample and 2) wells with the first 
antibody layer substituted by nonimmune se- 
rum. The sensitivity of this assay system was 1 
ng/ml, and absorbance was linear with MDGI 
concentration up to 10 ng/ml. Recovery of an 
added mass of MDGI was 91.8%, and intraas- 
say and interassay coefficients of variation 
were less than 10%. 

The MDGI protein concentration was ex- 
pressed as micrograms of MDGI per milligram 
of total protein. Total protein in cytoplasmic 
and microsomal fractions of mammary tissue 
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was determined by the method of Bradford (3) 
using bovine serum albumin as a standard. 

Isolation of Total RNA from Mammary Tissue 

Total cellular RNA from mammary tissue 
was isolated by the method of Cbomczynski 
and Sacchi (4). Mammary tissue (1 g) was cut 
into small pieces, while frozen, with a sterile 
razor blade in a petri dish. Mammary gland 
pieces were lysed by the addition of 10 ml of 
RNAzol (CINNA/BIOTECH, Frienswood, 
TX). The larger pieces of the tissue were ho- 
mogenized by drawing the lysis buffer and 
tissue through a syringe fitted with an 
18-gauge needle and subsequently were trans- 
ferred to a fresh polypropylene tube. One mil- 
liliter of chloroform was then added, and the 
final suspension was mixed vigorously and 
then placed on ice for 15 min. Samples were 
centrifuged at 10,000 x g for 20 min at 4*C. 
After centrifugation, the upper aqueous phase 
containing RNA was transferred to a new tube, 
mixed with an equal volume of isopropanol, 
and then placed at -70"C for 1 h to precipitate 
RNA. Sedimentation at 10,000 x g for 20 min 
was then performed, the supernatant was dis- 
carded, and the RNA pellet was washed twice 
with 95% ethanol, sedimented, vacuum dried 
(15 min), and dissolved in .2 ml of H 2 0. 

Northern Blot Analysis 

Hybridization of immobilized RNA to ra- 
diolabeled cDNA probes was performed as 
described previously (1). Briefly, 8 Ug of total 
RNA were separated by electrophoresis on a 
1.2% agarose gel containing 6% formaldehyde. 
The gel was rinsed twice in 10 x SSC (.15 M 
NaCl, .015 M sodium citrate, pH 7.0) for 10 
min at room temperature, and the RNA was 
transferred to zeta probe membranes (Bio-Rad) 
by capillary blotting with 20 x SSC for 20 h. 
Following transfer, the membrane was placed 
in a plastic bag containing 8 ml of prehybridi- 
zation buffer [50% formamide, 4 x (.15 M 
NaCl, .01 M NaH 2 P0 4 , 1 mM EDTA, pH 7.4), 
1% SDS, 200 ng/ml of salmon sperm DNA, 
and 5 mg/ml of skim milk powder] for 20 h at 
42*C. Membranes were hybridized in the same 
solution containing 4 x 10 s cpm/ml of. 
32 P-labeled MDGI cDNA, labeled using nick- 
translation (1). The membranes were washed at 
42*C for 20 min in approximately 300 ml of 2 
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Hgme 1. Western blot analysis of mammary tissue mammary-derived growth inbibttor (MDGI). Proteins from 
cytoplasmic fraction of mammary cells were separated by SDS-PAGE, blotted onto nitrocellulose, and detected with anfiV 
MDGI rabbit serum and anti-rabbit IgG-peroxidase conjugate. Lane a, 15 |ig of cytoplasmic mammary cell extract 
obtained from involuting cows (4 to 53 d following cessation of milking); lane b, 5 |ig of cytoplasmic mammary cell 
extract obtained from Isolating cows; lane c, .35 M8 of porified MDGI. 



X SSC-.1% SDS, then with .5 X SSC-.1% 
SDS, and then .1 x SSC-.1% SDS. The mem- 
branes were then exposed to Kodak XAR-S X- 
ray film (Eastman Kodak Co., Rochester, NY) 
at -72*C for 24 h using two intensifying 
screens. Relative radioactivity was estimated 
from the autoradiograms by densitometry. 

Membranes were stripped with SO mM 
NaOH at room temperature for 30 min and 
were probed for a second time with a mouse 
18-S rRNA probe to estimate the amount of 
total RNA in each lane and, therefore, to nor- 
malize for variability in RNA loaded to each 
well and transfer efficiency. 

Statistical Analysis 

All data were expressed as means and stan- 
dard deviations. Differences between means 
were evaluated using the Student's t test (P < 
.05). 

RESULTS 

Western blot analysis was performed to es- 
tablish the presence of MDGI antigen in mam- 
mary tissue obtained from glands at different 



physiological stages. Figure 1 shows the pres- 
ence of a 13 -kDa immunoreactive MDGI anti- 
gen in mammary tissue obtained from involut- 
ing cows at 46 to 53 d after cessation of 
milking (lane a) and from lactating cows (lane 
b), which comigrated with purified MDGI 
(lane c). 

To gain more insight into the pattern of 
MDGI production, ELISA methodology was 
employed to measure MDGI protein concentra- 
tions in mammary tissue. Table 1 shows the 
presence of high concentrations of MDGI (63 
Ug/mg of total protein) in mammary tissue 
obtained from lactating cows. However, MDGI 
was present at very low concentrations (<-8 
Ug/mg of total protein) in mammary tissue 
obtained from mammary ' glands at the first 
stage (less than 30 d after cessation of milking) 
or second stage (31 to 45 d after cessation of 
milking) of involution. The MDGI was again 
detected (2.8 ug/mg of total protein) during the 
last stage of involution (46 to 53 d after cessa- 
tion of milking), which coincided with colos- 
trum formation. 

To investigate the level at which the expres- 
sion of MDGI is regulated, the steady state 
concentrations of MDGI mRNA concentra- 
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Figure 2. Mammary-derived growth inhibitor (MDGI) mRNA isolated from mammary tissue obtained from lifting 
and involuting glands. Total RNA (8 fig) was electrophoresed on agarose gel and transferred to membrane, and the filter 
. was probed with a nick-translated MDGI cDNA probe. Lanes a and b, total RNA isolated from inrtartng 

mammary 

glands; Lanes c and d, total RNA isolated from involuting mammary glands (46 to 53 d following cessation of milking). 



tions were explored Total RNA from bovine 
mammary tissue was hybridized with a bovine 
MDGI cDNA, and the results are presented in 
Figure 2. As shown, bovine MDGI was en- 
coded by a single RNA species of approxi- 
mately 800 nucleotides long, a size in agree- 
ment with that previously reported (6). 
Relative amounts of MDGI mRNA were ini- 
tially determined by scanning the autoradio- 
gram. Then, the blot was stripped, hybridized 
with a 18-S rRNA probe, and scanned for a 
second time to estimate the amount of total 
RNA in each lane. Values obtained for MDGI 
mRNA from the first scanning were then 
divided by the corresponding 18-S rRNA 
values from the second scanning, therefore ac- 
counting for variability in the amount of RNA 
loaded to each lane and transfer efficiency. 
The normalized values were then expressed as 
percentage of the maximal stimulation; the 
maximally stimulated sample was arbitrarily 
assigned a value of 100%. The results are 
presented in Table 2. As shown, maximal stim- 
ulation of MDGI mRNA occurred in mam- 
mary tissue obtained from lactating animals. 
Lower (threefold) MDGI mRNA were detected 
in mammary tissue obtained from involuting 
animals at the last stage of involution (46 to S3 
d following cessation of milking). This coin- 
cided with colostrum formation. We were una- 
ble to detect appreciable mRNA in mammary 



glands of involuting cows (first and second 
stages). 

DISCUSSION 

The first novel finding emerging from this 
study is the presence of MDGI in mammary 
tissue obtained from glands during the last 
stage of the involution, which coincided with 
colostrum formation. Western blot analysis, 
however, reflects the presence or absence of 
MDGI antigea It does not address the possi- 
bility of quantitative differences in concentra- 



TABLE 1. Mammary-derived growth inhibitor (MDGI) 1 
antigen in mammary tissue obtained from lactating and 
involuting Holstein cows. 



Source 


MDGI Antigen 




QigAng of proteins) 




X 


SD 


1 jrtating 


63 


1.2 


Involution stage 2 






First 


.08 


.06 


Second 


.04 


.03 


Third 


28 


.12 



'The MDGI expression was determined by EUSA. 

'First stage corresponds to 12 to 30 d, second stage to 
31 to 45 d, and third stage to 46 to 53 d following sudden 
cessation of milking. 
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TABLE 2. Mammary-derived growth inhibitor (MDGI) 
mRNA in mammary tissue obtained from lactating and 
involuting Holstein cows. 

Relative amounts 

Source of MDGI mRNA 

(%) 

Lactating 100 
Involution stage 2 

First ND 2 
Second KD 
Third 36 

'First stage corresponds to 12 to 30 d, second stage to 
31 to 45 d, and third stage to 46 to S3 d following sudden 
cessation of milking. 

2 Not detected. 



tions of MDGI expression. To address this 
question, an ELISA used to measure MDGI 
protein concentrations showed much higher 
MDGI in mammary tissue obtained from 
glands of lactating than from glands of involut- 
ing cows (first and second stages). Again 
MDGI was detected at lower, but still ap- 
preciable, concentrations than those in lactat- 
ing glands during the last stage of involution 
(46 to 53 d after cessation of milking), which 
coincided with colostrum formation. 

Relatively little is known about the specific 
mechanism or mechanisms, including the role 
of growth factors or growth inhibitors in trig- 
gering or initiating the process of active milk 
(colostrum) secretion prior to parturition. Two 
weeks prior to parturition, mammary glands 
undergo several functional changes character- 
ized by colostrum formation (5, 7, 9). Colos- 
trogenesis is favored by the hormonal environ- 
ment at the end of pregnancy and occurs in 
two stages: 1) the first stage, which comprises 
the prepartum period, is characterized by the 
appearance of precolostral fluid; 2) the second 
stage, which begins immediately prior to partu- 
rition, is characterized by the onset of active 
milk secretion (5, 7). What is the physiological 
significance of the presence of high concentra- 
tions of MDGI during this period? In consider- 
ing a reasonable explanation, we recall that 
two roles have been proposed for MDGI: epi- 
thelial cell differentiation and inhibition of cell 
proliferation (6). Near parturition, two key 
phenomena occur: intense growth and differen- 



tiation of the secretory epithelium (9). The 
presence of high concentrations of MDGI dur- 
ing the prepartum period likely is consistent 
with a role for MDGI in differentiation rather 
than proliferation of mammary epithelial cells. 
The question of whether MDGI production in 
the third stage of involution is a consequence 
of initiation of colostrum production, or in- 
volvement of MDGI in the regulation of these 
phenomena, or both cannot be answered at the 
moment. 

The second major finding of the present 
study was that the regulatory mechanism for 
control of MDGI expression in mammary cells 
in vivo is via modulation of the steady state 
concentration of its mRNA. This is because 
changes in MDGI mRNA concentrations were 
almost identical to those observed at the pro- 
tein level. The MDGI mRNA was highest in 
lactating glands; MDGI mRNA in involuting 
glands (third stage) was still approximately 
36% of the fully induced concentrations ob- 
served in lactating glands. The MDGI mRNA 
was not detected in involuting glands obtained 
during the first and second periods. 

Two mechanisms for MDGI mRNA regula- 
tion are consistent with these observations: 1) 
modulation of MDGI mRNA through changes 
in transcriptional activity of the MDGI gene 
and 2) modulation through stabilization of 
MDGI mRNA. Further experiments involving 
measurements of transcription rates will more 
clearly define how the message levels are be- 
ing modulated. 

Based on the results obtained at the protein 
level, one should expect some, even though 
limited, MDGI mRNA in involuting cows 
(first and second stages). These are two possi- 
ble explanations for this inconsistency. First, 
the MDGI protein may have been actually 
produced at an earlier stage of lactation and 
remained within the mammary gland in associ- 
ation with milk fat. This explanation is consis- 
tent with earlier findings (6), suggesting that 
MDGI is found in milk in strong association 
with milk fat globule membrane. Second, 
MDGI mRNA was present at concentrations 
lower than the detection limit of our system. It 
is generally more difficult to detect mRNA 
species in tissues from cells in culture, espe- 
cially when the particular mRNA species is 
scarce. 



Journal of Dairy Science Vol. 75, No. 6, 1992 



MAMMARY-DERIVED GROWTH INHIBITOR 



1429 



Considering the limited MDGI expression 
in mammary glands of involuting cows (first 
and second stages), two major possibilities can 
be envisaged: limited secretion from substan- 
tial loss of mammary epithelial cells or 
reduced synthetic activity per cell, alone or in 
combination. It is unlikely that the lack of 
MDGI mRNA is due to cell loss, because loss 
of mammary epithelial cells does not occur to 
a significant extent during involution in the 
bovine species (8, 15). We favor the second 
hypothesis, that the limited secretion is due to 
reduced synthetic ability per cell, based on 
several studies showing that inactive mammary 
epithelial cells prevail during the first and sec- 
ond stages of mammary involution (8, 11, 13). 
The question of whether lack of MDGI pro- 
duction is a consequence of these cellular 
events, or whether it is involved in the regula- 
tion of these events, or both cannot be an- 
swered at the moment. 

The presence of MDGI in lactating and 
involuting glands 2 wk prior to parturition, at 
the stage of colostrum formation, suggests that 
a relationship exists between the presence of 
MDGI and the functional state of the gland. 
These results and recent results of others (6) 
that MDGI can substitute for prolactin in in- 
ducing P -casein expression led us to hypothe- 
size a role for MDGI in differentiation of 
epithelial cells along with inhibition of cell 
proliferation. 

In summary, the present observations docu- 
ment the presence of high concentrations of 
MDGI in lactating and involuting mammary 
glands at the time of colostrum formation. Our 
initial investigation of the molecular events 
that occur in mammary glands has led to the 
realization that regulation of MDGI production 
occurs at the level of the steady-state concen- 
tration of MDGI mRNA. Additional experi- 
ments should lead to a further clarification of 
the mechanism or mechanisms affecting 
MDGI expression and ultimately to a better 
understanding of Che physiological significance 
of these events. 
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To evaluate whether the expression of T-cell receptor (TCR) 
Vfi families in eight cases of malignant T-cell lymphomas 
took place in a preferential manner, we analyzed four cases of 
mycosis fungoides (MF), the most common form of primary 
cutaneous T-cell non-Hodgkin's lymphomas (NHL), and 
four cases of primary nodal T-cell NHL. 

The usage of V/? families in T-cell populations was inves- 
tigated on mRNA that was transcribed to cDNA using a Cfi 
primer and reverse transcriptase. Subsequently, the specific 
usage of the families was analyzed by polymerase chain reac- 
tion (PCR) using combinations of the selected C/?-oligonu- 
cleotide primer and one of the family-specific Vj8 primers. 

Peripheral blood lymphocytes from four healthy volun- 
teers and 1 "reactive" lymph node served as a control and 
expressed all 20 Vfl families tested for. In T-cell lines, with 
restricted V0 expression, and in three patients with advanced 
MF, only one or two V/? families were expressed at the 



mRNA level. In an early MF lesion this monoclonal expres- 
sion was absent: several V/? families were expressed with a 
weak intensity. This may indicate either a polyclonal origin 
of MF, or that too few monoclonal neoplastic cells were 
present in the tissue specimen. 

In the four nodal T-cell NHL, only one family could be 
clearly distinguished, whereas some of the other V$ families 
showed only a weak expression. These latter families repre- 
sent the reactive T-cell component in the nodal T-cell NHL. 
Both in nodal T-cell NHL and in MF there was no preferen- 
tial expression of a particular V/? family. There was a good 
correlation between PCR data and the expression of V/f-fam- 
ily protein products observed by immunohistochemistry on 
tissue sections of the T-ccll lymphomas. 

All T-ccll lines, three cases of MF, and three cases of nodal 
T-cell NHL showed a rearrangement of the TCR /J chain on 
DNA level./ Invest Dermatol 99:587-593, 1992 



he afi T-ccll receptor (TCR) heterodimer is used by 
95% of human.T cells to recognize antigen in combi- 
nation with MHC molecules [1,2]. Both a and /} 
chains have variable (V), junction (J), and constant 
(C) regions. In addition the chain lias a diversity (D) 
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region [3]. The gene segments encoding these regions are physically 
separated in the gcmilinc, but arc combined together during T-cell 
development by somatic rearrangement (4). The human V/? gene 
segments are organized in at least 20 families, each consisting of one 
to seven homologous members [3,5]. Each T-cell that expresses 
TCR fi chains on its cell surface, whether normal or malignant, has 
rearranged at least one of the available Vfi genes to generate an 
antigen receptor [5]. The RNA transcripts for TCR/? chain are then 
spliced to yield a continuous V-D-J-C template for translation [2,4]. 

DNA from polyclonal lymphocytes do not contain detectable 
specific gene rearrangements because the structure of the rearranged 
genc(s) varies from cell to cell [6]. Analysis of rearrangement of 
TCR chain genes is important for establishing the clonality of 
malignant cells in leukemia or lymphoma patients at the time of 
presentation or at relapse [7]. In nodal T-cell non-Hodgkin's lym- 
phomas (NHL) [6-8], and in advanced cases of mycosis fungoides 
(MF) [8- 10], clonality has been established. However, in the early 
plaquelike lesions of MF in no [9] or only a few cases [10] have 
clonal gene-rearrangements been observed. 

The expression of the TCR V/S genes at the protein level has been 
investigated in cutaneous and nodal T-cell lymphomas using mono- 
clonal antibodies against V-region framework determinants [5,1 1 - 
14]. These immunohistochemical studies confirmed the usefulness 
of these monoclonal antibodies, but the data were controversial. In 
one study [1 1] a preferential usage of V/?8 in cutaneous lymphomas 
was described, but in others the V/? family usages was at random 
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Table 1. Primer Sequences of T-Ccll Receptor /? Chain 



Family 

Primer Sequence Member 



\rf> 

vp 


5 


3' 


l 


1*L,AAAA<jLtAAACA J TCTTGAACG 




2 


AlrALr 1 I L.AT(jCTGATGGC 




3 


AOGACGIjGAGAGAAAG 1 1 11 1 C 




4 


GUCGALA I ATGAGAGTGGA 111 GTC 




5a 


CACj I IjAtiAuACAGAGAAAC 


5.1: 5.4 


5b 


CCCTAACTATAGCTCTGAGCTG 


5.2; 5.3 


0 


GGGGGAoGGGGCAGAG 1 1 I CTAAT 


1 


CI 1AAAGG1 IGACCTACACGC 




8 


Gil rAAGAAGAACGTTCCG 




9 


GAG 1 1 GGAAATCGC 1 1 CTCAC 




10 


GGA 1 1 u I O 1 rCCTATAAAAGC 




1 1 


GGAG 1 A I I GC I ATGGAG 1 1 AA 1 1 CC 




12a 


GTCACCAGACTGAGAACCACCGCTA 


12.1; 12.2 


12b 


GATTCATTACTCAGTTGGTG 


12.3; 12.4 


13 


GCATGACACTGCAGTGTGCCC 


14 


ACCCAAGATACCTCATCACAG 




IS 


TCTCAGACTAAGGGTCATGATAGA 




16 


CTGTTACATTTTGTGAAAGAGTC 




17 


CTCACAGATAGTAAATGACTTTC 




18 


AGCCCAATGAAAGGACACAGTCAT 




19 


ACCCCCGAAAAAGGACATACTTTT 




20 


GAGGGAACATCAAACCCCAACCTA 




C0 


GGCCTTTTGGGTGTGGGAGATCTCTGCTTCTGATGGC 



[5,12-14], However, only a limited number of family-specific 
monoclonal antibodies is available. We used the polymerase chain 
reaction (PCR) to detect the expression of 20 different TCR V/? 
families at the mRNA level in T-cell lymphomas. These data were 
compared with immunohistology using available V/S-family spe- 
cific monoclonal antibodies on' tissue sections of the same lym- 
phoma. Our results showed the clonality of the malignant cells, and 
did not indicate a preferential usage of a particular V^-'family in the 
difFerent lymphomas studied. 

MATERIALS AND METHODS 

Tissues and Cells. Skin biopsies (4 mm) were analyzed from four 
patients with MF, three in an advanced stage of MF, and one in an 
early stage. The diagnosis of MF was made according to clinical and 
histopathologic criteria [15]. Surgically removed tissue specimen of 
four patients. with nodal T-cell NHL and one reactive lymph node 
were also analyzed. Pan of the tissue was used for the immunohisto- 
logic analysis. The T-cell lines Jurkat, HSB (obtained from Dr. 
R. H. L Bolhuis, Rotterdam, The Netherlands) and Molt3, that 
served as a control, were cultured in RPMI 1640 medium supple- 
mented with 5% fetal calf serum. Cells were counted and pelleted, 
and the supernatant was removed. Control peripheral blood lym- 
phocytes from four healthy volunteers were harvested by Ficoll- 
Hypaque method, and the mononuclear cell fraction was analyzed. 
All material was snap frozen and stored in liquid nitrogen. 

Immunohistology Tumor cells in all tissues were itnmunohisto- 
chemically phenotyped on frozen tissue sections using the indirect 
immunoperoxidase method [16]- Primary monoclonal antibodies 
used were against CD2, CD3, CD4, CD8, CD22 (Becton Dickin- 
son, Mountain View, CA), a/?-TCR, jtf-TCR, and the V families 
V/?5a, V£5b, V/?6, V/&, and V^12 (T-cell Sciences Inc, Cambridge, 
MA). 

Gene-Rearrangements High molecular weight DNA was iso- 
lated from parts of the frozen tissues and from frozen cells. Ten 
micrograms of DNA was completely digested with EcoRl or 
BamHl (Boeringer Mannheim, Mannheim, West Germany), sepa- 
rated on 0.8% agarose gel, and subsequently transferred to nylon 
membrane filters (Hybond N + ; Amersham, UK) for hybridization. 
Hybridization was performed using 32 P-labcled DNA probes at 
65 °C in a buffer containing 7% sodium dodecylsulfate (SDS), 
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M 1 2 3 4 5a 5b 6 7 8 9 10 1112a 12b 




M 13 14 15 16 17 18 19 20 N P 



Figure 1. V/f-gene family expression in normal peripheral blood lympho- 
cytes. The mRNA isolated from the cells was transcribed to cDNA using a 
specific C/f primer. This cDNA was amplified by PCR using Cfi and V/i 
primers. The PCR products were electrophoresed on a 2% agarose gel. The 
cthidium bromide stained gel showed rite expression of all 20 tested V/? 
families (lane numbers indicate V/J-family number) in PBL2. M, marker lane 
(Phi-X digested with Haelll); N, negative control; and P, positive control 
(Jurkat cDNA amplified with Cfi and V^8 primer). 



0.5 M phosphate buffer fpH 7.2), and 0.1 Jig/ml herring sperm 
DNA. The probes were labeled using a primer gene labeling system 
(Promega, Madison, WI). DNA fragments hybridized with labeled 
probes were detected by autoradiography with X-OMAT AR film 
(Kodak, Rochester, NY). The probes used were Cfi, a 0.7-kb frag- 
ment, and J/?, a 4.4-kb fragment (both a kind gift from Dr. H. van 
Oostveen, Department of Pathology, Free University, Amsterdam, 
The Netherlands). 

RNA Isolation RNA was prepared using a single-step method of 
RNA isolation by acid guanidinium thiocyanate-phcnol-chloro- 
form extraction [17]. Briefly, 0.3 g biopsied tissue was homoge- 
nized using a homogenizer (Janke & Kunkel IKA. Staufen, West 
Germany) or 3 X 10 7 frozen cells were dissolved in 3 ml of the 
solution D (4 M guanidinium thiocyanate, 25 mM sodium citrate 
[pH 7], 0.5% sarcosyl, and 0. 1 M 2-mercaptoethanol). The suspen- 
sion was vortexed for about 20 seconds. Subsequently, 0.3 ml 2 M 
sodium acetate (pH 4), 3 ml phenol (water saturated), and 0.6 ml 
chloroform-isoamylalcohol mixture (49: 1) was added, with thor- 
ough mixing after addition of each reagent. The final suspension 
was shaked vigorously and cooled on ice for at least 15 min. Then 
the suspension was centrifuged at 5,000 rpm at 4 ° C for 1 5 min. The 
aqueous phase that contained RNA was transferred into 1.5 ml Ep- 
pendorf tubes (0.5 ml in each tube) and 1 ml 100% ethanol was 
added. The tubes were kept at — 20*C for at least 1 h to precipitate 
the RNA, and then centrifuged at 14,000 rpm at 4° C for 15 min, 
and the supemants were discarded carefully. The pellet in each tube 
was dissolved in 0.15 ml solution D, and 0.375 ml cold 100% eth- 
anol was added. The tubes were kept at — 70°C for 30 min and 
subsequently centrifuged (14,000 rpm at 4*0, for 15 min). The 
supemants were discarded carefully, and the pellets were washed in 
1 ml 70% ethanol and dried in a speed vac (Savant, New York, NY) 
concentrator. The dried pellets were dissolved in DEPC (diethyl 
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Figure 2. V/J-gene family expression in T-cel! line Mol t3 cells. For explana- 
tion sec Fig 1 . The cthidium bromide stained gel showed the expression of 
two \p families in this cell line (V02 and Vjffl2a). 



pyrocarbonate)- treated water, and the RNA concentration was 
measured using a spectrophotometer (U-2000, Hitachi, Tokyo, 
Japan). 

Primers One Cj8 and 22 Vfj primers that are specific for 20 dif- 
ferent Vfi families have been designed using the program dnasis 
(created by LKB-Pharmacia; Table 1). For the V/? families 5 and 12, 
two primers were selected, because no primer sequences common to 
all family members were found. The primer oligonucleotides were 
synthesized by using a DNA autosynthesizer {ABI 381 A, Foster 
City, CA) using the /7-cyanoethylphosphoramide chemistry, based 
upon 1 OD = 30 Ag/ml. The primers were purified according to 
the method described in the ABI user's bulletin and diluted to a 
concentration of 0.5 /tg/V(l. 

cDNA Synthesis cDNA was synthesized on a template of total 
RNA sample at 42°C for 1 h in a 30-^1 cDNA-reaction buffer 
containing 2.5 /ig QJ primer, dNTP (1 mM final concentration), 
DTT (dithiothreitol, 10 mM final concentration), and 25 U avian 
myeloblastosis virus reverse transcriptase (Promega, Madison, Wl). 
Upon incubation, 3 fi\ 0.2 M EDTA was added to the mixture to 



Table III. Immunohistologic Phenotyping of the Tested 
T-Ccll Lymphoma 



Case* 


CD2 


CD3 


CD4 


CD5 


CD8 


CD22 


MF1 


+* 


+ 


+ 


+ 




± 


MF2 


+ 


+ 


+ 


+ 






MF3 


+ 


+ 


+ 






± 


MF4 


+ 


+ 










NNHL1 


+ 


+ 


+ 


+ 






NNHL2 


+ 


+ 


+■ 


+ 


+ 




NNHL3 


+ 


+ 


+ 








NNHL4 


+ 


+ 


4- 


+ 







' MF, niycosii fungoides; NNHL, nodal non-Hodgkin'i lyinplioma. 

1 +, >75% of the cells positive; ±, weak expression; — , absent or occasional. 
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Table IV. T-Cell Receptor Expression on T-Cell Lymphoma Cells 

TCR Expression (immunohistology) Gcnp-ReuTangemenf 



Case 




yS 


V05a 


V05b 


V/J6 


V08 


V0\2 


cp 




MF 1 


+ 














R 


R 


MF2 


+ 














ND 


ND 


MF 3 


+ 














R 


R 


MF 4 


+ 














R 


R 


NNHL 1 


+ 








4- 






GL 


GL 


NNHL2 


+ 














R 


R 


NNHL 3 


+ 














R 


R 


NNHL 4 


+ 














R 


R 



■ Isolated DN A was digested with EcoRI and BaroHI, electrophoresed, blotted, and tested for rearrangement with Cfi and jfi probes (see Materials and 
Methods). R, one or more rearrangements fragments present. GL, germline configuration. ND. not done. MF, mycosis fungoides. NNHL, nodal non- 
Hodgkin's lymphoma, -f, >7S% of the tumor cells positive. — , absent, expression on reactive lymphocytes may be present. 



stop the reaction. Purification was performed adding 70 (A MilliQ 
water and 100 fd phenol/chloroform mixture (1 : 1). After thor- 
ough mixing the tubes were centrifuged at 14,000 rpm. Then die 
water phase was transferred to another fresh Eppendorf tube. This 
step was repeated twice, and the second time 100 /ll chloroform/ 
isoamylalcohol mixture (49:1) was used instead of phenol /chloro- 
form. Ten microliters 3 M sodium acetate and 200 /ill 00% ethanol 
were added to the tube and kept at — 70°C for 30 min. The tube was 
centrifugatcd for 1 5 min, and the supemant was discarded carefully . 
The pellet was washed with 70% ethanol and dried in the speedvac 
concentrator. Finally, the pellet was dissolved in MilLiQ water to 
obtain a concentration of 1.0/ig//il cDNA. 

Polymerase Chain Reaction The PCR cocktail was 50 fil PCR 
buffer containing dNTP (0.8 mM as final concentration), 1.0 /ig 
cDNA, 0.25 fi% Cp primer, 0.25 /ig of one of the 22 VjS primers, 
and 0.5 U Taq polymerase (Perkin Elmer Cetus, Norwalk, CT). 
The cDNA reversely transcribed from the mRNA of Jurkat cells 
and the Vfi8 primer were always used as positive control. The nega- 
tive control was the same as the positive control except using 1 fil 
MilliQ water instead of cDNA. To prevent evaporation, the cock- 
tails were covered with three droplets of mineral oil, and then am- 
plified by an automated' DNA thermal cycler (Perkin Elmer Cetus, 
Norwalk, CT) for 35 cycles. The amplification cycle profile in- 
cluded denaturation for 1 min at 95 "C, annealing for 1 min at 60°C, 
and extension for 2 min at 72 °C. Twenty microliters of PCR reac- 
tion product from each tube was electrophoresed in 2% agarose gel. 
The gel was stained with 1% ethidium bromide and visualized 



C. J. 

12 3"" 4 S 




Figure 3. T-cell receptor gene rearrangements in tested T-ccll NHL. Lanes 
1 -3 represent DNA isolated from nodal NHL t, 2, and 4, respectively, 
digested with EcoRI and hybridized with a C/J probe. Lanes 4 a nd 5 represent 
DNA isolated from MF 4 and 3, respectively, digested with EcoRI and 
hybridized with J/7 probe. Arrows, rearranged bands. 



under ultraviolet light. Markers used were Phi-X digested with 
Haelll and ADNA digested with Hindlll. 

RESULTS 

Control Experiments for Xfi Gene Family Analysis at the 
mRNA Level 

Controls; In peripheral blood lymphocytes of four healthy volun- 
teers, all 20 TCR Vfi families tested for were expressed. The inten- 
sities of the product bands, which represent the different V/? gene 
family PCR products in the electrophoresed gels, varied among the 
V/? genes and individuals (Fig 1, Table If). These experiments 
showed that the primer set selected was suitable to detect the 20 
families. Despite the fact that no effort was made to quantify the 
differences in intensity of the different V/? families within one indi- 
vidual, the differences between the four individuals were clear. In 
PBL1 most families were expressed with a similar intensity, where- 
as in PBL 4 differences among the families were large (Table II). 

The reactive lymph node was also positive for all the 20 V/? 
families. In this lymph node the differences in individual Vp family 
expression was compared to the PBL large, e.g., families 4, 5.b, 9, 
and 18 are strong, whereas family 10 is only weakly expressed 
(Table II). 

Cell Lines: The T-cell lines Jurkat and HSB only expressed one Vfi 
gene (V08 for Jurkat and V^5.a for HSB), but Molt3 expressed 2 Vfi 
families at the mRNA level (Fig 2, Table II). These experiments 
showed that there was no cross-reactivity of the various V/?-specific 
primers in the PCR reaction, that T-cell clones expressed one TCR 
Yfi family, as expected, and T-cell lines revealed a limited number 
of Vfi families. 

Lymphomas 

Immunophenotyping and Gene Rearrangements: The imrnunopheno- 
types of the four cutaneous and four nodal T-cell NHL are summa- 
rized in Tables III and IV. All T-cell lymphomas were cq8-TCR- 
bearing cells. One of the MF patients showed loss of CD5, another 
of both CD4 and CD5. Two revealed the complete helper/inducer 
immunophenotype; there were no CDS* MF cases. In MF 1 , 3, and 
4 most cells were tumor cells, whereas in MF2 (early lesion) few 
tumor cells were present in the dermal infiltrate and in the epider- 
mis. The nodal T-ccll NHLcxpressed either CD4 and/or CD8; one 
case showed loss of CD5. The amount of pre-existing non-tumor 
tissue in the various tissues was variable. Tissue of nodal NHL 1 and 
2 were mainly composed of tumor cells with scattered reactive T 
lymphocytes. In nodal NHL3 the major non-tumor components 
were macrophages and plasma cells. In nodal NHL4 areas of pre-ex- 
isting lymphoid tissue were present. 
All T-ccll lines, 3 cases of advanced MF and 3 cases of nodal NHL 
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Figure 4. Imrnunohisrocheroical localization of V/?6 expressing lymphocytes. ^4: V/*6 expressing T lymphocytes in the paracortical area of a reactive lymph 
node (case RL in Table II). Bar, 33 ftm. B: V/?6-expressing tumor cells in a nodal T-cell NHL (case NNHL 1). Bar, 33 /it>\. 



showed a clonal gcne-rcarrangement with the Cfi and the J/? probes 
(Fig 3, Table IV). 

Immunohistolom of TCR. V Gene Families: Ail T-cell lymphomas 
were analyzed with the available monoclonal antibodies for the 
presence of Vfi5z, Vfi5b, Vfi6, Vfi8, and Vfi\2 TCR gene families 
(Table IV). In all nodal T-cell NHL and MF cases small numbers of 
reactive small T lymphocytes were detected expressing cither one of 
the V families. Only one of the nodal T-cell NHL lymphomas (case 
NNHL 1) could be typed for its Vfi family, Vfi6 (Fig 4B). All others 
were negative and expressed Vfi families to which no antibodies 
were available (compare Tables II and TV). 

Vfi Gene Family Analysis at the mRNA Level: The three MF cases at 
the advanced stage strongly expressed one to two V/? families; the 
rest of the families were weakly expressed or absent (Fig 5/4, 
Table II). The patient at the early stage of MF (case MF2 in Table II) 
expressed 1 1 different Vfi families with a weak intensity. The other 
Vfi families were absent. 

In each of the four nodal T-ccll NHL only one Vfi family could be 
clearly distinguished in each case. The other Vfi families showed a 
weak expression or were missing (Fig 5B, Table II). In nodal NHL 
1, 2, and 4 with either reactive lymphocytes within the tumor or 
pre-existing normal lymphoid tissue, many other families were 
weakly expressed. These latter families represented the reactive T- 
cell component with a polyclonal V/? expression. In the nodal 



NHL3, with few reactive T cells, no additional Vfi families were 
detected. 

DISCUSSION 

The TCR Vfi usage can be examined at the levels of rearranged 
DNA, mRNA, and proteins [5,10-13,18,19]. As the available 
monoclonal antibodies can only detect a limited number of Vfi 
families, we established a PCR method to detect the TCR V/? usage 
at the mRNA level. For this aim lymphocytes from peripheral 
blood, lymph node tissue, but especially also small skin biopsies 
were used. By this method it is possible to evaluate preferential 
expressed Vfi families in a heterogeneous population of t" cells that 
each expresses a different V/?. This method used a Cfi primer to 
specifically select the mRNA or TCR fi chains when the cDNA was 
synthesized. Then TCR Vfi primers specific for each Vfi family 
were used in the PCR. The control experiments showed that wc 
were able to detect all 20 Vfi families screened for. 

In PCR experiments using serial dilutions of cDN A, the intensity 
of PCR product bands decreased with decreasing cDNA amounts 
(data not shown). Obviously, the intensities of PCR product bands 
were positively related to the original amounts of the templates, 
although other methods should be applied to quantify the results. 
For our goal the PCR had a powerful capacity in amplifying specific 
fragments of cDNA from a mixture of templates [20] and 1 ^g 
template cDNA for each reaction tube was sufficient to show the 
TCR Vfi families in our PCR method. In PBL and the reactive 
lymph node, all the TCR Vfi families were present, and the intensi- 
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B 

Fizuro S. Vj8-gene family expression in T-cell NHL. A: expression of only 
Vpl in MF 1. B: strong expression of only Vfi 10 in nodal NHL 2, weak 
expression of various other Vfi families is detected as well (see Table II). For 
explanation see Fig 1. Marker ADNA was digested with Hindlll. 



ties of many bands were high (++ to - H I , Table II). This indicated 
that the T-cell populations of PBL and the benign lymph node were 
polyclonal, the distribution of TCR Vfi families in the non-malig- 
nant cases is relatively equal, arid all Vfi families were present in 
these lymphocyte populations. 

In contrast, the T-ccll lines Jurkat and HSB expressed monoclo- 
nal Vfi family usage, and the T-cell line Molt3 expressed TCR Vfi2 
and V/fl2a families. Sangster et al [21) studied DNA rearrange- 
ments in Molt3 cells using probes for TCU Cfi and ]fi. When Cfi 



probe was used, there were 2 rearranged bands and whenJ/J probe 
was used three rearranged bands were found. This was confirmed by 
our gene-rearrangement studies (data not shown). In general, T 
cells express only one TCR, due to allelic exclusion. Molecular 
analysis of TCR fi genes in a number of clonal T-ccll populations 
has revealed that in most cases there is only a single productive 
VDJ7? rearrangement [22]. But apparent violations of allelic exclu- 
sions of the TCR fi genes were reported. In a human diphtheria 
toxoid-specific T-cell clone two different TCR fi transcripts were 
identified [23]. Both these transcripts contained an open reading 
frame, suggesting that they were capable of encoding functional fi 
chains. Cell-surface expression, however, was not examined. A cy- 
tochrome C-spccific T-ccll clone was also shown to display two 
different TCR fi chains [24]. We suggest that the expression of the 
two TCR Vfi genes at the mRNA level of Molt3 cell line can be 
explained cither by the violation of allelic exclusion of TCR fi 
genes, or the Molt3 cell line is composed of two different clones. 

Of the eight T-cell lymphoprolifcrative malignancies, six had 
overexpression of one of the V/? families. One of the MF cases 
expressed two Vfi families and the early MF case weakly expressed 
10 Vfi families. In nodal T-cell NHL and advanced MF cases, the 
tumor cells predominated, but small numbers of non-malignant 
lymphocytes could be identified microscopically. This correlated 
with our PCR results, showing one (or 2) strong-product band, and 
in some cases weak bands of other Vfi families. It can be inferred that 
the single or double strong PCR product bands in each T-ccll neo- 
plasia case represented the Vfi expression of the malignant cells, and 
the weak bands were from the remaining non-malignant cells as 
supported by immunohistology. In nodal NHL case 1, the malig- 
nant cells were positive with a monoclonal antibody against TCR 
Vfi6 (Table 4). The tumorous infiltrate was sufficient for immuno- 
histochemical and mRNA analysis. However, the amount of malig- 
nant cells in the tissue specimen left, was too low to detect the clonal 
cell proliferation on DNA level (Tables II and IV). Monoclonal 
antibodies against other V families showed lymphocytes distributed 
evenly and sparsely in the lymph node. Similarly, the PCR gave a 
strong TCR Vfi6 band and weak bands of several other V/? families. 
Immunohistologic examination of the other malignancies showed 
an even and sparse distribution of small reactive lymphocytes, but 
the malignant lymphocytes were negative. This correlated with the 
PCR data as these results showed a Vfi expression of the malignant 
cells to which no monoclonal antibodies were available. Our data 
are in agreement with the basic concept that (almost) all cancers are 
clonal [25]. 

To these observations there was one apparent exception, the MF 
case that failed to give a clonal usage of a TCR Vfi gene. This MF 
was at the early stage of the disease. This may suggest that the tumor 
cells were not predominant in the biopsied tissue, or that MF is 
polyclonal in the origin. 

Studies of the TCR V/? gene usages in cutaneous and nodal T-cell 
lymphomas using monoclonal antibodies have been done by several 
groups [5,11-14]. Due to the lack of monoclonal antibodies to all 
Vfi families, only 2- 7 different antibodies were used. The positive 
rates of detections of TCR Vfi gene usages by tumor cells were low. 
We had a similar experience, using five different monoclonal anti- 
bodies against four TCR V/? families in the study of 8 T-cell NHL; 
only one gave a positive result. At present, the PCR is the method of 
choice in the study of TCR V^-family usage in T-cell neoplasia, as 
all different families can be analyzed. Jack and co-workers [11] 
examined frozen skin biopsies from 16 cutaneous T-cell lympho- 
mas using two monoclonal antibodies against TCR Vfi8 and VfiS. 
Ten reacted with one monoclonal antibody, MX11, likely to have 
V/J8 specificity. Even more striking was their finding that all 10 of 
the plaque and tumor lesions were reacting with MX11. They sug- 
gested that the cutaneous T-cell lymphoma cells employ a restricted 
range of TCR variable region gene expression. Charley et al [5] 
investigated blood lymphocytes from three patients with Sezary 
syndrome, a leukemic form of cutaneous T-cell lymphoma. In one 
patien t, more than 99% of the cells reacted with the monoclonal 
antibody against VfiS. Cells from the other two patients were non- 
reactive with the antibodies against TCR Vfib.2, 5.3, 6, 8, and 12. 
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Another study by Clark et al [12] did uot show restricted usage of 
TCR V/? genes either. A recent study by Poppema et al [14] with 
seven V/? monoclonal antibodies recognizing four distinct V/? fami- 
lies on 44 T-cell lymphomas showed a restricted V/? gene usage in 
29% of the cases studied, without preference for a specific V/? fam- 
ily. Our study at the mRNA level had a higher positive rate, but the 
results failed to give any evidence of preferential usage of particular 
Vfi families. 

The detection of Vfi families of T-cell NHL may be clinically 
useful for 1) prospective followup of patients during treatment 
(monitoring relapse of disease, or detecting extranodal or extra-cu- 
taneous localization of T-cell NHL), 2) retrospective analysis of 
T-cell NHL, and 3) therapeutic approaches with monoclonal anti- 
V/? antibodies. For these reasons we preferred to use specific V/?-fam- 
ily primers, instead of V/J-general primers, as these latter primers 
may not detect all families with the same sensitivity [26]. This 
approach can easily be adapted by addition of new primers when 
new V/? families are discovered [27], that will be missed with the 
present primer set. However, with our panel of primers we could 
determine the Vf} family in all T-cell NHL studied, except the 
early-stage MF, indicating that the most regular expressed V/if fami- 
lies were incorporated in the panel. 

Although, the number of samples were limited, the results indi- 
cated two applications for TCR V/? family detection by PGR 
method. First, it might be used to differentiate malignant and non- 
malignant T-cell proliferations. As in the reactive lymph node, all 
22 TCR Vfi families were expressed at the mRNA level. In the 
malignant cases, however, it was shown that only 1-2 TCR V/? 
genes were used by the T-cell lymphomas. Second, it might give 
insight in the selection process(es) leading to a oligo- or monoclonal 
cell population. For example, in this study we snowed that at the 
early stage of MF, as in case MF2, polyclonal TCR Vfi family ex- 
pression were detected, all with a relatively weak intensity. But in 
the advanced-stage MF patients, 1 - 2 TCR \fi genes were strongly 
expressed, suggesting a homologous tumor cell population in the 
biopsied tissues. The expression of two Vj8 families can indicate 
either a biclonal origin of the tumor or a loss of allelic exclusion 
with two reproductively rearranged TCR fi chains. The genc- 
rearrangement studies were not informative on this aspect. 

In conclusion, the investigation of TCR Vfi gene usage of T-cell 
neoplasia at the mRNA and protein levels can give additional infor- 
mation on the stage of disease. A limited expression of certain Vfi 
families in nodal and/or cutaneous T-cell NHL might give a clue on 
the etiology of these lymphomas [11]. However, our study, both in 
nodal T-cell NHL and MF, did not show such a preferential expres- 
sion of a particular Vfi family. 



We wish to thank Dr. J. Rozingfor his advice during the courseof this study. Dr. L. 
Selltri is gratefully acknowledged for his precise primer searches and Mrs. Th. Lots, 
Mrs. K. Bosboom-Kalsbtck, and Mrs. W. T. M. van hlokland for their excellent 
technical assistance. 

This work was supported in part by grants from the University Hospital and the 
University of Utrecht. Dr. H. Z. Hu is supported by a World Health Organization 
fellowship. 

REFERENCES 

1 . Derger MS: Prognostic factors in lymphomas: the contribution of im- 

munophenotyping and molecular studies. Curr Opin Immunol 
2:719-723, 1990 

2. Hochitcnbach F, Brenner MB: Newly identified yS and fiS T-cell 

receptors. J Clin Immunol 10:1-18, 1990 

3. Wilson RK, Lai E, Concannon P, Birth RK. Hood LB: Structure, 

organization and polymorphism of murine and human T-cell recep- 
tor a and fi chain gene families. Immunol Rev 101:149- 172, 1988 

4. Caccia N, Toyonaga B, Ktmura N, Mak TW: The a and fi chains of 

the T-cell receptor. In: Mak TW (ed.). The T-Cell Receptor. Ple- 
num Press, New York, 1 988, pp 9 - 51 



5. Charley M, McCoyJP, Deng JS, Jegasothy B: Anti-V region antibod- 

ies as "almost clonotypic" reagents for the study of cutaneous T cell 
lymphomas and leukemias. J Invest Dermatol 95:614-617, 1990 

6. Williams ME, Innes DJ, Borowitz MJ, Lovell MA, Swerdlow SH, 

Hurrubise PE, Brynes RK, Chan WC. Byrne GE, Whitconib CC, 
Thomas CY: Immunoglobulin and T cell receptor gene rearrange- 
ments in human lymphoma and leukemia, Blood 69:79-86, 1987 

7. Minden MD, Mak TW: The structure of the T cell antigen receptors 

genes in normal and malignant T cells. Blood 68:327 - 336, 1986 

8. Bcrtness V, Kirsch 1, Hollis G, Johnson B, Bunn PA: T-ccll receptor 

gene rearrangements as clinical markers of human T-cell lympho- 
mas. N Engl J Med 313:534-538, 1985 

9. Ralfkiaer E, O'Connor NTJ. Crick J, Wantzin GL, Mason DY: Geno- 

typic analysis of cutaneous T-cell lymphomas. J Invest Dermatol 
88:762-765, 1987 

10. Dosaka N, Tanaka T, Fujita M, Miyachi Y. Horio T. Imamura S: 

Southern blot analysis of clonal rearrangements of T-cell receptor 
gene in plaque lesion of Mycosis Fungoides. J Invest Dermatol 
93:626-629,1989 

11. Jack AC, Boylston AW, Carrel S, Grigor I: Cutaneous T-cell lym- 

phoma cells employ a restricted range of T-cell antigen receptor 
variable region genes. Am J Pathol 136:17 - 21, 1990 

12. Clark DM, Boylston AW, Hall PA, Carrel S: Antibodies to T cell 

antigen receptor beta chain families detect monoclonal T cell prolif- 
eration. Lancet 11:835-837, 1986 

13. Salter DM, Krajewski AS, Dcwar AE, Clark D. Boylston AW, Carrel 

S: The use or anti-clonotypic T cell receptor antibodies in the diag- 
nosis of T cell lymphoma (abstr). J Pathol 155:344A, 1988 

14. Poppema S, Herperle B: Restricted V gene usage in T-cell lymphomas 

as detected by anti -T-cell receptor variable region reagents. Am J 
Pathol 138:1479-1484, 1991 

15. Edelson RL; Cutaneous T-cell lymphoma: mycosis fungoides, Sezary 

syndrome and other variants. J Am Acad Derm 2:89- 106, 1980 

16. Schuurman HJ, Huppes W, Verdonk LF, van Baarien J, van Unnik 

JAM: Immunophcnotyping of non-Hodgkin's lymphoma. Correla- 
tion with relapse free survival. Am J Pathol 131:102-111, 1988 

17. Chomczymki P, Sacchi N: Single-step method of RNA isolation by 

acid guanidinium thiocyanatc-phcnol-chloroform extraction. Ana- 
lyt Biochcm 162:516 - 519, 1987 

1 8. Concannon P, Pickering LA, Kung P, Hood L: Diversity and structure 

of human T-cell receptor fi-chiia variable region genes. Proc Natl 
Acad Sci 83:6598-6602, 1986 

19. Bragado R, Lauzurica P, Lopez D, Castro JAL: T cell receptor V/? gene 

usage in a human allorcacrive response. J Exp Med 171:1 189- 1204. 
1990 

20. Erlich HA: Polymerase chain reaction. J Clin Immunol 9:437-447, 

1989 

21. Sangster RN, Minowada J, Suciu-Foca N, Minden M, Mak TW: 

Rearrangement and expression of the a, fi, and y chain T cell recep- 
tor genes in human thymic leukemia cells and functional T cells. J 
Exp Med 163:1491-1508, 1986 

22. Kronenberg M, Siu G, Hood L, Shastri N: The molecular genetics of 

the T-cell antigen receptor and T-cell antigen recognition. Annu 
Rev Immunol 4:529-591, 1986 
23: Triebel F, Breathnach R. Graziani M, Hercend T, Debre P: Evidence 
lor expression of two distinct T cell receptor /J-chain transcripts in a 
human diphtheria toxotd-spcrific T cell clone. J Immunol 
140:300 - 304, 1988 

24. Maris LA, Ezqerra A, Coligan JE: Expression of two distinct T cell 

receptor Ct/fi heterodimers by an antigen-specific T cell clone, j Exp 
Med 168:2379-2384, 1988 

25. Butturini A, Gale RP: Relationship between clonality and transforma- 

tion in acute leukemia. Leukemia Res 15:1 -7, 1991 

26. Lcssin SR. Rook AH, Rovera G: Molecular diagnosis of cutaneous 

T-cell lymphoma: polymerase chain reaction amplification of T-cell 
antigen receptor /7-chain gene rearrangements. J Invest Dermatol 
96:299-302,1991 

27. Ferradini L, Roman-Roman S, Azocar J , Michalaki H, Triebel F, Her- 

cend T: Studies ou the human T-cell receptor a/fi variable region 
genes. II Identification of four additional Vfi subfamilies. Eur J Im- 
munol 21:935-942, 1991 



PACE 8/8 • RCVD AT 5/14/2007 0:08:37 PM [Pacific Standard Time] • SVR:8VC801/1 ' DNIS:6034 • CSID:(613) 998-3279 • DURATION (mm-ss):08-56 



From C613) 998-3279 



Order # 06861493DP05741533 Tue 15 May 2007 12:25:30 AM EDT 



Page 2 of 12 



), 
le 
fl- 
ic 
in 
S; 

<, 
C 
th 
9. 
J, 

JS 

nt 

>y 

e. 

Vn 
s. 

o- 

in 

e. 
a, 

B- 

im 

>er 
tis 

tal 
o- 
ed 
ier 

in 



Osteoarthritis and Cartilage (2002) 10, 253-263 
© 2002 OsteoArthritis Research Society International 

doi:10.1053/joca.2001.050B, available online at http://www.idealibrary.com on IDEM 



1063-4584/02/040253+11 $22.00/0 



Osteoarthritis 



and Cartilage 

Journal of the OsteoArthritis Research Society International 



r\ A r "\C v i OSTEOARTHRITIS 



Matriiin-3 in human articular cartilage: increased expression in 
osteoarthritis 
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Summary 

Objective: Matrilin-3 is a member of the recently described matrilin tamily of extracellular matrix proteins containing von Willebrand factor 
A-like domains. The matrilin-3 subunit can form homo-tetramers as well as hetero-oligomers together with subunits of matrilin-1 (cartilage 
matrix protein). It has a restricted tissue distribution and is strongly expressed in growing skeletal tissues. Detailed information on expression 
and distribution of extracellular matrix proteins is important to understand cartilage function In health and in disease like osteoarthritis (OA). 

Methods: Normal and osteoarthritic cartilage were systematically analysed for matrilin-3 expression, using irnmunohistochemistry, Western 
blot analysis, in situ hybridization, and quantitative PCR. 

Results: Our results indicate that matrilin-3 is a mandatory component of mature articular cartilage with its expression being restricted to 
chondrocytes from the tangential zone and the upper middle cartilage zone. Osteoarthritic cartilage samples with only moderate 
morphological osteoarthritic degenerations have elevated levels of matrilin-3 mRNA. In parallel, we found an increased deposition of 
matrilin-3 protein in the cartilage matrix, lytatrilin-3 staining was diffusely distributed in the cartilage matrix, with no cellular staining being 
detectable. In cartilage samples with minor osteoarthritic lesions, matrilin-3 deposition was restricted to the middle zone and to the upper 
deep zone. A strong correlation was found between enhanced matrilin-3 gene and protein expression and the extent of tissue damage. 
Sections with severe osteoarthritic degeneration showed the highest amount of matrilin-3 mRNA, strong signals in in situ hybridization, and 
prominent protein deposition in the.middle and deep cartilage zona. 

Conclusion: We conclude that matrilin-3 is an integral component of human articular cartilage matrix and that the enhanced expression of 
matrilin-3 in OA may be a cellular response to the modified microenvironment in the disease. © 2002 OsteoArthritis Research Society 
International , 

Key words: Chondrocyte differentiation, Matrilin, Matrilin-3, Osteoarthritis. 
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Introduction 

Osteoarthritis (OA) is a degenerative joint disease, involv- 
ing mechanical, biochemical, hormonal, and genetic fac- 
tors. The relative importance of these factors varies in the 
disease process and cannot be defined easily in patients 
with OA. The continuous loss of the articular cartilage 
matrix is the prominent feature of the progressive osteo- 
arthritic process. The cartilage of articular joints is an 
extremely specialized tissue which enables a stable and 
smooth movement of the joint surfaces and, equally import- 
ant, the dissipation of mechanical load under physiological 
conditions. Type II collagen and aggrecan, the two most 
abundant components of the cartilage extracellular matrix, 
are major contributors to these properties and have, there- 
fore, been analysed extensively 1,2 . Cartilage collagen 
fibrils form highly organized three-dimensional structures 
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responsible for the tissue stiffness. Under-hydrated proteo- 
glycans within this meshwork contribute to the compen- 
sation of the load stress and are mainly responsible for the 
viscc-elastic properties of the articular cartilage matrix. 
Additional components of the extracellular matrix such as 
type VI collagen, are implicated as being important in the 
mechano-protective filament structures that surround the 
chondrocytes 3 , Other cartilage proteins and proteoglycans 
such, as COMP, CI LP, fibronectin, and decorin have puta- 
tive functions in cell-matrix and matrix-matrix interactions 
(reviewed in Neame et al. 4 ). 

Matrilin-3 belongs to a family of extracellular matrix 
proteins with members that share similarities in their modu- 
lar compositions (reviewed in Deak ef a/. 5 ). Matrilin-1 
(earlier called cartilage matrix protein or CMP), -2, -3, and 
-4 share an N-terminal signal peptide domain, often fol- 
lowed by a short stretch of positively charged amino acids 
and a von Willebrand factor A (vWFA)-like domain. Close 
to the vWFA-like" domain, one or several epidermal growth 
factor (EGFHke domains are found. The number of 
EGF-like domains varies among the matrilins, with four 
EGF-like domains found in matrilin-3 6 "*. A second vWFA- 
like domain occurs in matrilin-1, -2, and -4, however in 
matrilin-3 this domain is absent 7 9 . At the C-terminal end 
of the molecule, all matrilins carry a coil-coiled u-helical 
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Table I 

Primers used for matrilin-3 riboprobe preparation (#1 and #2) and lor qu antitative competitive PCR (#3 and 43") 

Primer pair Primer sequence PCR products 

(bp) 



#1 (forward) 5'cat gtt oag oca ctg agg aa 7fl 5 

#1 (reverse) 5'cag aat gaa tta aaa atg gca atg 

#2 (forward) 5'cag gtg fit gca aga gca ga 529 

#2 (reverse) 5'acc cca tag gtc tec acg ta 

#3 (forward) 5'cat gtt cag cca ctg agg aa 52 5 

#3 (reverse) 5'aac agg tgt gca aaa gaa tgc 

#3' (reverse) 5'aac agg tgt gca aaa gaa tgc gca att taa cga tgt att tgt cca 202 



domain, responsible for the assembly into oligomeric 
aggregates (for refs see Deak et a/. 3 ). 

Matrilin-3 is a recently discovered matrilin with a putative 
function in the assembly of the cartilage extracellular 
matrix 6 ''. It is expressed in growing skeletal tissues of man, 
mouse and chicken 7 810,11 . In 6-week-old mice, matrilin-3 
mRNA is mainly found in the epiphyseal growth plate and 
in the bone forming cells 10 . The expression pattern of 
matrilin-3 in the growth plate is similar to that of matrilin-1 12 . 
Therefore, expression of matrilin-3 indicates a role in the 
development of skeletal tissues. However, in normal adult 
articular cartilage, matrilin-1 expression is very limited or 
absent 13 - 1 ". 

The expression of matrilin-3 in osteoarthritic cartilage 
has not been previously studied. In the progress of OA, 
articular cartilage chondrocytes behave similarly to those in 
the epiphyseal growth plate in that they differentiate, 
undergo hypertrophy, and, in a further differentiation 
step, express a posthypertrophic phenotype 15 - 16 . We have 
systematically analysed the expression of matrilin-3 mRNA 
and protein in normal and osteoarthritic cartilage to define 
its role in the physiology and pathophysiology of osteo- 
arthritic cartilage. Our results contribute to a better 
understanding of the complex matrix interactions in OA. 



Material and methods 

■j \ v CARTILAGE/BONE SAMPLES 

Thirty osteoarthritic cartilage/bone samples were 
obtained from 17 patients with primary OA (54- to 75 
year-old donors) undergoing total knee replacement. 
Clinical data were carefully reviewed to exclude any forms 
of secondary OA and inflammatory joint diseases like 
rheumatoid arthritis. Normal cartilage was collected from 
five human knees at the time of autopsy within 18 h after 
death (34- to 56-year-old donors). In these five knees, the 
femorotibial and patellafemoral joint faces were completely 
free from any signs of OA. Video printouts were used 
to document the region where samples were taken. 
Osteoarthritic changes were classified histomorphologi- 
cally, using the grading system of Mankin 2 . Mankin score 0: 
normal cartilage with a smooth surface and a regular zonal 
distribution of the chondrocytes. Mankin score 1-4: carti- 
lage surface shows fibrillations and a superficial loss of 
proteoglycans (safranin-0 staining); the zonal structure is 
intact. Mankin score 5-6: Cartilage samples have clefts 
reaching down to the middle cartilage zone; clusters of 
proliferating chondrocytes are present. Mankin score £S: 
cartilage samples are severely affected; clefts are reaching 
down to the deep zone; the tangential zone is lost and 
chondrocyte clusters are present. Five samples (Mankin 



score 0), eight samples (Mankin score 1-4), 12 samples 
(Mankin score 5-8), and 10 samples (Mankin score S9) 
were included in the study. This investigation has been 
approved by the local ethics commission (application No. 
2078). 

Cartilage/bone samples of 1 cm thickness with a carti- 
lage surface of about 2.0x0.5 cm were incubated in freshly 
prepared paraformaldehyde, 4% (wA>), buffered with 
0.01 M sodium phosphate, pH 7.4, containing 0.14 M NaCI 
(PBS) for 12 h at 4°C. The tissue samples were decalcified 
in diethyl-pyrocarbonate (DEPC)-treated 0.2 M EDTA, 
pH 8.0, for several weeks at 4°C. The buffer was changed 
twice a week. Tissue specimens were then dehydrated 
through graded concentrations of ethanol and xylene and 
finally embedded in paraffin. Cartilage/bone and cartilage 
sections (5 nm) were mounted on glass slides, precoated 
with 1% (nN) 3-aminopropyl triethoxysilane, and heated for 
90 min at 65°C. 



PREPARATION OF THE MATRILIN-3 RNA PROBE 

Total RNA was extracted from human knee cartilage. 
0.5 g of cartilage was frozen in liquid nitrogen and pulver- 
ized using a stainless steel mortar and pestle. Extraction 
was performed using cold guanidine Isothiocyanate buffer 
and a subsequent extraction with phenol 17 . 0.5 u.g of total 
RNA was transcribed into single-stranded cDNA using AMV 
reverse transcriptase (Roche, Mannheim, Germany) and 
Oligo-p(dT)15 as a primer according to the manufacturer's 
protocol (Roche). Two double-stranded cDNA fragments 
were generated by PCR using primer pair 1 and 2 (Table I). 
The primer pair 1 spans 785 bases (position 1103-2087) of 
the coding region of the human matrilin-3 cDNA (Accession 
No. AJ224741) 8 . The primer pair 2 spans 529 bases 
(position 238-766) of the coding region of the human 
matrilin-3 cDNA. After standard PCR (annealing tempera- 
ture: 60°C, 35 cycles), a T7 promoter-adapter (Ambion. 
Austin, TX, U.S.A) was ligated non-directionally. The tran- 
scription template was performed using a second PCR with 
the gene-specific forward primer and a T7 promoter- 
adapter primer (Ambion). The amplified PCR products were 
checked by sequencing (MWG, Ebersberg, Germany). 

For in vitro transcription and labeling, 100 ng of the 
template was transcribed in 1 mM ATP, 1 mM CTP, 1 mM 
GTP, 0.65 mM UTP and 0.35 mM digoxigenin-11-UTP in 
40 mM Tris-HCI, pH 8.0, 6 mM MgCI 2 , 10 mM dithiothreitol, 
2 mM spermidine and 40 U T7 RNA-Polymerase (Roche). 
The components were incubated for 2 h at 37°C. Template 
DNA was removed with 20 U DNase I (Roche). The 
reaction was stopped by adding 2 »\ 0.2 M EDTA pH 8.0. 
RNA was further purified by ethanol precipitation and 
resuspertded in 100^1 DEPC-treated H a O. Transcripts 
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were checked for integrity, length, and labeling efficiency 
by denaturing gel electrophoresis followed by Northern 
blotting and digoxigenin detection using the DIG-nucleic- 
acid-detection-kit (Roche): For in situ hybridization, 
approximately 100ng of matrilin-3 antisense or sense 
riboprobe were used for each tissue section. Immediately 
before use, riboprobes were incubated for 1 0 min at 96"C 
followed by 2 min at 4°C. 



IN SITU HYBRIDIZATION 

Tissue sections were deparaffinized in xylene and rehy- 
drated through graded concentrations of ethanol (100% to 
50%). Sections were incubated with proteinase K, 50 (ig/ml 
in 100 mM Tris, pH 7.5, with 50 mM EDTA, for 15 min at 
37°C and postfixed in 4% (w/v) paraformaldehyde/PBS for 
1 min. Sections were briefly washed in DEPC- treated 
double distilled water and acetylated twice for 5 min in 
0.1 M triethanolamine by adding 0.3% (v/v) acetic acid 
anhydride. Sections were briefly incubated in PBS, dehy- 
drated using increasing concentrations of ethanol (50% to 
100%),' and air-dried under dust-free conditions. Sections 
were prehybridized with hybridization buffer containing 
50% formamide (v/v), 10% dextran (w/v), 0.026% 
Denhardt's. solution (v/v), 0.5mg/ml fish sperm DNA 
(Roche), 0.8 M NaCI, 0.6 mM DTT. 0.6 mM EDTA, 7 mM 
Tris, pH7.5. They were carefully covered with Parafilm 
(Sigma, Munich, Germany) and prehybridization carried out 
for 1 h at 55°C. 50 nl of the hybridization solution containing 
100 ng of the matrilin-3 probe was applied to each section. 
The sections were then covered with Parafilm and incu- 
bated in a humidified chamber overnight at 55°C. Sense 
strand in situ hybridization was also performed with the 
matrilin-3 probes using similar conditions as for the anti- 
sense hybridization. After hybridization, the sections were 
washed with 2xsodium chloride, sodium citrate (SSC), 
50% formamide for 30 min at 52°C and with TNE buffer 
(10 mM Tris, pH 7.5, 0:5 M NaCI, 1 mM EDTA) at 37°C for 
10 min. Non-specific binding was abolished by RNase 
treatment (RNase A, 5ng/ml, in 5 mM Tris, 0.5 M NaCI, 
pH 7.5, 5 mM EDTA) for 1 h at 37"C. Sections were briefly 
washed in TNE at 37°C, and then washed in 2xSSC for 
20 min at 52°C, ; and two times in 0.2xSSC for 20 min at 
52°C. Detection of bound probes was performed using a 
commercially available nucleic-acid-detection-kit (Roche). 
Briefly, sections were incubated in blocking solution con- 
taining 10% (v/v) fetal calf serum. After blocking, an anti- 
digoxigenin alkaline phosphatase-labeled antibody was 
added and bound antibodies were detected after incubation 
with the substrate solution (X-phosphate/NBT) overnight. 
Sections were counterstained with 0.5% (w/v) light green 
(Merck, Darmstadt, Germany) in 5% (v/v) ethanol and 
mounted in Entelian (Merck). 

Nucleic acid sequence homologies were tested using the 
FASTA program of the EMBL, Heidelberg, Germany. 
Homologies to listed RNA sequences were less than 55% 
within an overlapping region of maximal 500 base pairs for 
the 785 bp probe and less then 60% within an overlapping 
region of maximal 504 base pairs for the 529 bp probe. The 
specificity of the probes was controlled by using two 
different matrilin-3 mRNA probes, which were directed 
against different portions of the same transcript. Further 
controls for both matrllin-3 mRNA probes were performed 
by blocking the signal using unlabeled riboprobes prior 
the labeled probe. Integrity of the mRNA in cartilage and 
bone was assessed using a 115 base pair antisense 



riboprobe for the human 28S RNA (nucleotide 4400-^141 5, 
Accession No. M11167, Ambion, Austin, U.S.A.). The 
hybridization protocol was similar to those used for the 
matrilin-3 probes, however probe concentration and 
hybridization temperature was reduced (10 nq per section 
at 43°C). 



IMMUNOLOCALIZATION OF MATRILIN-3 

Tissue sections were deparaffinized in xylene and rehy- 
drated. Human cartilage/bone sections were digested with 
2 mg/ml hyaluronidase (Merck) in PBS, pH 5.5, for 15 min 
at 37°C and with 1 mg/ml pronase (Roche) in PBS, pH 7.4, 
for 30 min at 37°C. After two washes in PBS, sections were 
incubated in PBS containing 5% (w/v) bovine serum albu- 
min (BSA). The sections were incubated with affinity puri- 
fied polyclonal antibodies against matrilin-3 in 1% (w/v) 
BSA/PBS and incubated overnight at 4°C. The specificity of 
these antibodies has been demonstrated elsewhere 10 . 
After three washes in tris-buffered saline (TBS), a biotin- 
labeled donkey anti-rabbit IgG antibody (Dlanova, 
Hamburg, Germany) diluted 1:200 in 1% (w/v) BSA/TBS 
was added and incubated for 30 min at room temperature. 
After that, alkaline-phosphatase-labeled streptavidin was 
added according to the protocol of the manufacturer (Dako, 
Hamburg, Germany). After three short washes in TBS, 
bound antibodies were visualized using Fast Red (Sigma) 
as a color substrate. To exclude non-specific background 
staining, sections were incubated with affinity purified rabbit 
IgG (Dako), 1:20 000 in 1% (wA/) BSA/PBS and immuno- 
histochemical detection was performed as described 
above. 



WESTERN BLOT ANALYSIS 

Cartilage extracts were obtained from normal (/V=4) and 
osteoarthritic samples (A/=6), taken from the femoral con- 
dyles of human knee joints. Hyaline cartilage was peeled 
off from the underlying bone and homogenized at 4"C with 
an Ultraturrax homogenizer (Jahnke and Kunkel, Germany) 
in 4 M guanidinium chloride, 50 mM sodium acetate, 
pH 5.8, containing proteinase inhibitors (10 mM N- 
ethylmaleimide, 10 mM phenyl methane sulfonylfluoride, 
10 mM benzamidine hydrochloride). After 48 h of stirring at 
4°C the insoluble material was removed by centrifugation at 
13,000 g, 4°C, for 1 h. Proteins were separated from pro- 
teoglycans using an equilibrium centrifugation in a self- 
forming cesium chloride gradient. The extract was adjusted 
to a density of 1.35 mg/ml by the addition of solid cesium 
chloride. A Kontron swing-out rotor (TST 28.38) equipped 
with polyallomer thick wall tubes (38.5 ml) was used and 
centrifugation was done for 70 h (105,000x0; r av = 
23.89 cm) at 18°C. The gradient was divided into tour 
equal portions from which the two top fractions were pooled 
and dialysed twice against 50 mM sodium acetate, pH 5.8, 
containing proteinase inhibitors (see above) and then 
against distilled water at 4°C for 12 h. Samples correspond- 
ing to 15 ng protein were lyophilized and redissolved in 1% 
SDS/sample buffer without dithiothreitol, denatured at 
95"C for 5 min and analysed in a vertical SDS gel electro- 
phoresis unit (Pharmacia, Freiburg, Germany) using a 
4-22% gradient polyacrylamide gel in a discontinuous 
buffer system (0.8 mA/cm 2 ). Proteins were blotted onto a 
nitrocellulose membrane for 2 h by using a constant current 
of 100 mA. Blotting efficiency and protein loading were 
controlled by reversible staining with Ponceau S-Red. 
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For immunodetection of matrilin-3, the nitrocellulose 
membrane was destained with distilled water and incu- 
bated in TBS containing 1% non-fat dry milk blocking 
solution (Roche) for 1 h at room temperature. The poly- 
clonal matrilin-3 antibody was diluted in 0.5% blocking 
solution and incubated for 2 h at room temperature. The 
membrane was extensively washed in TBS containing 
0.1%Tween (TBST) followed by washing in 0.1% blocking 
solution. A horseradish peroxldase-conjugated goat anti- 
rabbit antibody (Dianova) was used at 1:1000 dilution 
in 0.5% blocking solution after 30min of incubation at 
room temperature and appropriate washing in TBST. 
Chemilumlneseence detection was carried out according to 
the manufacturer's protocol (Roche). Light emissions were 
visualized on a light sensitive X-ray film (Roche) after 5 to 
10 min i exposure time. 

QUANTITATIVE DETERMINATION OF MATRIUN-3 mRNA USING 
COMPETITIVE PCR 

Total RNA was extracted from human knee cartilage 
and 100 ng transcribed into cDNA as described above. 
Competitive quantitative PCR (cq-PCR) was earned out 
using a modification of the protocol of Riedy ef at. and 
Kdhler ef a/. 19 Quantification of the matrilin-3 mRNA was 
based on the competitive amplification of matrilin-3 cDNA 
and an internal cDNA standard (^competitor) with identical 
primer binding sites. The competitor was generated by 
PCR using final concentrations of 0.2 nM of primer #3 and 
0 2 uM of primer #3' (Table I), 1.5 mM MgCI 2 , 10 mM Tris 
pH8 3 50 mM KCI pH8.3, and 2.5U/100 M I Taq DNA 
Polymerase (Roche). Temperature cycling profile was 94°C 
for 1 min, 55°C annealing for 1 min and 72°C extension for 
2 min Binding of primer #3' causes the formation of a loop 
on the sense strand (Fig. 1). In the following PCR reaction, 
the Taq polymerase elongates primer #3' resulting in a 
cDNA having a 50 bp deletion within the PCR fragment. 
30 ul of the PCR reaction mixture was size fractionated 
on a 2% agarose gel, following staining with ethidium 
bromide. The 202 bp competitor was excised from the gel 
and purified (gel extraction kit. Qiagen, Hilden, Germany). 
The concentration of the competitor was determined by 
measuring the absorbance of aliquots at 260 nm. For 
cq-PCR the PCR reaction mixture (25 u') contained 1 iaI ot 



each patient's cartilage cDNA (equivalent to 5 ng total 
RNA), 1 mM deoxynucleotide mix (Roche), 0.2 uM primer 
#3 forward, 0.2 uM primer #3 reverse, 1.5 mM MgCI 2 , 
10 mM Tris pH8.3, 50 mM KCI, pH 8.3. One cycle with 
94°C, 30 s and 60°C, 30 s was performed. After that, 
defined amounts of competitor were added to each tube at 
room temperature (0.6, 2.4. 9.8, 39, 156, 625. and 2500 tg). 
tubes were replaced into the thermal cycler at 72°C 
and 0.625 U Taq DNA Polymerase (Roche) was added. 
Incubation was continued for 1 min at 72° to synthesize a 
double stranded cDNA. PCR was then performed by 28 
cycles of denaturation at 94°C for 30 s, annealing at 60°C 
for 30 s and elongation at 72°C for 60 s, ending with a final 
incubation at 72 S C for 10 min to complete polymerization. 
10 nl ot the PCR product was size fractioned on a 
2% agarose gel and visualized using ethidium bromide 
staining The gel was recorded by video camera and the 
intensities of the amplified fragments were calculated 
using the Scion image software tool (Scion Corporation, 
Frederick, U.S.A.). To correct for differences in molecular 
weight, competitor values and matrilin-3 cDNA values were 
divided by their base pair numbers 20 . 

The ratio of competitor intensity to matrilin-3 intensity vs 
the known amount of competitor cDNA was plotted in a 
log-log scale. At the point where competitor intensity and 
matrilin-3 intensity are in equivalence [log (ratio) =1], the 
amount of matrilin-3 cDNA is equal to the known amount of 
competitor template. Results are expressed in femtogram 
of matrilin-3 cDNA/ng RNA. For control, amplification was 
performed using 5 ng of the RNA preparation instead of 
reversed transcribed cDNAto exclude unspecific amplifica- 
tion of DNA. The grading of the cartilage samples from 
which mRNA was extracted was done by histomorphologi- 
cal validation of the adjacent areas using the Mankin score. 

The specificity of the PCR reaction without competitor 
was checked by sequencing analyses of the amplified PCR 
product (results not shown). The number of cycles used in 
qc-PCR was restricted to the exponential phase of the 
amplification (28 cycles). The linearity of the qc-PCR 
was controlled by using increasing amounts of cDNA 
(0-1000 ng). We compared the matrilin-3 mRNA values 
obtained from normal cartilage and from cartilage with 
minor and severe lesions, using a non-parametric statistic 
test (Mann-Whitney U-test). All data are presented as 
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Fig. 2. Distribution of rnatrilin-3 in normal cartilage/bone sections (A) and sections with mild (B), moderate (C), and severe (D) osteoarthritic 
lesions. Sections were obtained from femoral load-bearing area and incubated with an.affinity purified polyclonal antibody against matfilin-3. 
Note that the zonal matrilin-3 expression varies from normal to osteoarthritic stages. The territorial deposition of matrilin-3 increases in 

moderate and severe OA (bar=250 um). 
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Fig. 3. Localization of matrilin-3 in normal cartilage (bar=100nm). (A) Immunostaining using a polyclonal antibody against matrilin-3. 
Matrllin-3 deposition is visible in the tangential 2one and subchondral bone. (B) Focal expression of matrllin-3 mRNA is visible in 
chondrocytes of the tangential zone and the upper middle zone. (C) In situ hybridization using the matrilin-3 sense probe as a negative 
control. (D) Positive control in situ hybridization using the digoxigenin-labeled 28S mRNA probe. 



means. Each quantification by PCR was carried out in 
duplicates. Significant differences were defined as P<0.05. 

Results 

PROTEIN AND mRNA LOCALIZATION OF MATRILIN-3 IN NORMAL AND 
OSTEOARTHRITIC CARTILAGE/BONE 

Normal and osteoarthritic cartilage samples were taken 
from the load bearing area of femoral condyles. Enzymatic 
pretreatment of the paraffin embedded tissue with 
hyaluronldase/pronase enhanced staining intensity for 
matrilin-3 and was therefore used on all tissue sections 
processed for immunohistochemistry. In all specimens from 
both normal and osteoarthritic tissue, matrilin-3 depositions 



were observed (Fig. 2). In normal cartilage, several layers 
can be separated by morphological criteria. The lamina 
splendens, a thin layer directly facing the articular joint 
space is followed by the tangential, middle, deep, and 
calcified cartilage zone. Below, the subchondral bone with 
the bone trabeculae is found. In sections of normal carti- 
lage [Figs 2(A) and 3(A)] the lamina splendens, the tangen- 
tial and the upper middle zones were stained. Matrilin-3 
staining was diffusely distributed in the cartilage matrix, no 
cellular staining was detectable. In general, staining inten- 
sity was faint. In the lower middle zone, the deep zone, and 
the calcified zone no matrilin-3 deposition was detectable. 
In subchondral bone trabeculae and in the osteocytes 
within newly formed osteoid, matrilin-3 staining was 
present. 
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a antibody against Kw2£. toSUn of matrilin-3 *S£2S?5 

matrilin-3 within the territorial matn> ^ar=ioo ^ g^^jS I detection and substrate staining gives signals ,n the chondrocytes of 
a digoxigenin-labeled matnhn-3 nboproba followed by "ni™™*^ cartilage zQne 



in cartilage samples with minor osteoarthntc esions 
/Mankbscore 1^) the zonal organization is intac , how- 
evlr he artTcular surface is fibrillated, with small clefts 
feaVng down to the tangential zone. In these samples 
N-10) matrilin-3 deposition was concentrated in the 
middle zo™ with some staining seen also .n the uppe 
Szone [Fig. 2(B)]. In bone, cells lining the subchondral 
bone trabeculae and I osteocytes stained posrtiye [F.g. *m 
Saining for matrilin-3 in cartilage increased 
wrth hi severity of the osteoarthritic lestons. In samples 
with moderate OA (Mankin score JH3). the tangenfa zone 
Ts absent. Again, matrilin-3 was most P™«"* £ »» 
middle zone and in the upper deep zone [Fig. 2(C)]. in 
comparison to samples with mild osteoarthritic lesions, the 
sHng in?ensS increased. In addition to a diffuse 

Srritorial staining, a strong «^^£«225lK 
the middle and upper deep zone [Fig. 4(A)]. In stages wnn 
s?v2ematS degeneration (Mankin score >8), the upper 
midd e z^ne was mostly absent and clefts reached down to 
Z dtp zom [Figs 2(D) and 5(A)]. Matrilin-3 deposition 
wis doable n me upper deep zone, again no , staining 
wS visible in the lower deep and calcified zone [Figs 2 D) 
and 5(A)]. The extracellular matrix stained m a diffuse 
pattern and focally a cellular staining was observed. In 
Sene al matrilin-3 deposition within the extracellular cart, 
fage maC was dimmed or absent in the .Cc trtdage .zone 
adjacent to the articular joint space, independent of the 

°TS.e d me e n1 S the immunohistochemica. result, 
the distribution of matrilin-3 mRNA was determined 
ShondSes expressing matrilin-3 could be detected in aH 
cartilaoe samples. In normal cartilage, matrilin-3 mRNA 
SSricted to chondrocytes of the articular surface and 
X upper middle zone [Fig. 3(B)] and the s ignal intensity 
SaslwE To exclude degradation and loss o mRNA ^dunng 
decalcification and fixation, samples were incubated with 
the 28S RNA probe as a positive control [Fig. 3(U)]. a 
negative control with the matrilin-3 sense probe in com- 
"paffiabeling efficiency as the antl-sense probe failed* 
detect any hybridization signal [Fig. 3{C)]. In norma 
cSqe/bone sections a signal was detected in all 
nuSeated ? cells. In cartilage samples showing mild. 



moderate or severe osteoarthritic lesions, matrilin-3 mRNA 
SS^ormWed with the observed IP"*"^" 
and the signal intensity was increased as compared to 
normal samples. Cartilage with ^"Jg™£^ 
arthritic lesions showed a preferred matrilin-3 mRNA syn 
fhTsis in the middle cartilage zone. In serial sections of the 
same region a distinct matrilin-3 mRNA expression is 

^tEftX'** correlated expression of mRNA and 
proliferating chondrocytes near the articular 'joint 
space showed mRNA expression with no or weak protein 

olKconSned matrilin-3 mRNA [Figs 6(A), (B)]. In bone 
2 is the Sgnal intensity was unchanged between nomial 
a^d osteoarthritic samples. Tibia samples were a so 
analysed and demonstrated no significant differences in the 
sSS pattern compared to the femoral samples (results 
"own). When using a second mRNA probe directed 
against a different portion of the matnlin-3 transcript an 
Srtteal distribution pattern was detected (results not 
shown). Hybridization of osteoarthritic samples with the 
sense probe showed no hybridization signal (data not 
shown). 



QUANTITATIVE DETERMINATION OF MATRILIN-3 mRNA IN NORMAL 
AND OSTEOARTHRITIC CARTILAGE 

Quantification of matrilin-3 mRNA in normal and osteo- 
arthritic cartilage was carried out using defined serial 
dJutions of competitor (0.6 fg to 156 fg). The lineanty o f the 
assay was controlled using a constant amount of competi- 
tor (156 fg) and increasing amounts of cDNA 1^™°° ng). 
A linear correlation was obtained between 50 and 500 ng 
for cDNA from normal cartilage and between 50 and 750 ng 
for cDNA from osteoarthritic cartilage (results not shown) 
in five normal samples, a mean value of 0.85 fg/ng mRNA 
was determined by qc-PCR [Fig. 7(B)], while the mean 
value in chondrocytes from tissue with minor osteoarthritic 
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Fig. 5. Distribution of matritin-3 in cartilage/bone section from end stage osteoarthritis with severe lesions of the articular surface. (A) 
Immunohistochemical localization, using a polyclonal antibody against matrilin-3. Protein deposition is concentrated to the upper deep 
cartilage zone. (B) In situ hybridization using a 785 bp digoxigenin labeled riboprabe for matrilin-3. Matrilin-3 mRNA expression correlates 
with the protein pattern. Proliferating chondrocytes, near the articular joint space show mRNA expression without pronounced protBin 

deposition in the surrounding extracellular matrix (arrows). 




Fig. 6. Matrilin-3 expression in subchondral bone (bar= 100 pm). (A) Decalcified cartilage/bone paraffin sections (minor osteoarthritic lesions) 
were incubated with a polyclonal antibody against matrilin-3. Matrilin-3 deposition is visible in osteogenic ceils lining the subchondral bone 
trabeculae and in the adjacent osteocytes. (B) Corresponding in situ hybridization. A serial section was incubated with a digoxigenin-labeled 
riboprobe for matrilin-3 mRNA. Matrilin-3 mRNA expression correlates with protein deposition. 
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lesions was 12.9fg/ng mRNA. In samples with severe 
osteoarthritic lesions the mean level of matrilin-3 mRNA 
was 32 fg/ng mRNA. Thus, matrilin-3 mRNA amounts were 
significantly increased in severely osteoarthritic samples as 
compared to samples with minor lesions (P= 0.0095, 
Mann-Whitney U-test). 

analysis of matrilin-3 in normal and osteoarthritic 
cartilage extracts by immunoblots 

Purified cartilage extracts were analysed under reducing 
and non-reducing conditions on a 4-22% SDS-PAGE gel, 
tollowed by Western blotting using an affinity purified poly- 
clonal antibody against matrilin-3. Under non-reducing con- 
ditions, a complex band pattern was seen in samples from 



healthy donors as well as in osteoarthritic cartilages [Fig. 
8(C)]. Higher oligomeric forms migrated above 200 kDa, 
presumably representing tetrameric and trimeric molecules 
that in part also contain subunits of matrilin-1 ,0 - 21 - 23 , 
Further, two bands around 60 kDa represent intact and 
slightly degraded matrilin-3 subunits. Indeed, in matrilin-4 a 
cleavage site was recently located in the linker between the 
second vWFA-like domain and the coiled-coil domain 24 . A 
sequence with homology to that at which matrilin-4 is 
cleaved is present in matrilin-3 between the fourth EGF-like 
domain and the coiled coil domain. Under reducing con- 
ditions, a single band at around 70 kDa appears that 
presumably represents both the processed and the unpro- 
cessed monomers, which are not resolved under reducing 
conditions [Fig. 8(D)]. The degraded forms of matrilin-3 are 
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more prominent in osteoarthrttic than in healthy cartilage. 
The comparable loading of individual lanes was checked by 
reversible staining of blotted proteins with Ponceau red 
[Fig. 8(A),(B)]. 



Discussion 

Only limited information has been available on the local- 
ization and expression of matrilin-3 in adult human carti- 
lage. Expression has been demonstrated in chondrocytes 
of the mouse epiphyseal growth plate and a function in the 
skeletal development has been proposed 10 . Proteins with 
a restricted expression in the growing cartilage of the 
epiphyseal growth plate characterize certain chondro- 
cyte differentiation stages with a defined phenotype. 
Interestingly, it has been shown that matrix components of 
the growth plate are often re-expressed under the patho- 
logical conditions in osteoarthritis. This applies not only to 
type X collagen, alkaline phosphatase, osteocalcin, and 
osteopontin'*' 162526 , but, as we report here, also to 
matrilin-3. However, matrilin-3 is expressed at low levels 
also in normal human articular cartilage. 

In normal cartilage, matrilin-3 has a restricted deposition 
within the transition of the superficial layer and the middle 
cartilage zone. Matrilin-3 expression, as shown by quanti- 
tative RT-PCR, in situ hybridization, immunohistochemistry 
and immunoblots, correlates with the progression of carti- 
lage degeneration. Interestingly, matrilin-3 deposition is not 



limited to a certain zone In cartilage, but it is restricted 
within a defined distance of about 100 to 200 um from the 
articular joint space (Fig. 2). The staining pattern we 
observe is pericellular, indicating a function of matrilin-3 in 
preserving the pericellular environment. Also, type VI col- 
lagen is preferentially deposited in the pericellular capsule 
and the pericellular matrix and is therefore thought to be 
involved in protective structures serving to withstand the 
mechanical forces of the extracellular cartilage matrix 27 . 
On the structural level, both, matrilin-3 and type VI collagen 
contain vWFA-like domains. Members of the vWFA-domain 
superfamily have different functions in cell differentiation, 
cell migration, cell adhesion, hemostasis, and immune 
response, but share common characteristics in their partici- 
pation in cell-cell and cell-matrix interactions (reviewed in 
Colombatti and Bonaldo 20 ). In analogy to type VI collagen, 
matrilin-3 has been shown to be deposited in pericellular 
meshworks around rat chondrosarcoma cells and in mouse 
sternal and tracheal cartilages 10 . Matrilin-3 or matrilin-3 
containing filaments may be anchored via interactions 
with cells or with extracellular components. The inter- 
actions of matrilin-3 have not yet been studied, but the 
structurally related matrilin-1 has been shown to bind to 
atpM integrin 29 as well as to cartilage proteoglycans 3031 , 
type II collagen 32 , and itself 22 . 

Our results show a low but significant expression of 
matrilin-3 mRNA in normal human cartilage, which is highly 
upregulated in osteoarthritic cartilage. For matrilin-1, a 
low or minimal expression has been observed in normal 
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Fig. 8. SDS-PAGE and immunoblot (or matrllln-3 of extracts of normal and osteoarthritic cartilage 15 ng of partially purified extracts of normal 
(lane 1 , 2) and osteoarthritic (lane 3, 4) cartilage were separated by SDS-PAGE in a 4-22% polyacrylamide gal under non-reducing (A), (C) 
or reducing (B), (D) conditions. Proteins were visualized by Ponceau red staining (A). (B) to show equal loading or with Immunoblot with an 

affinity purified antibody against matrilin-3. 



human articular cartilage using immunohistochemical 
methods 13 - 14 . In OA, matrilin-1 deposition increases and 
the immunohistological staining is more pronouncedly cel- 
lular and pericellular, with low or absent staining of the 
interterritorial matrix 14 . Together with our data on matrilin-3 
deposition and synthesis, a coexpression of matrilin-1 and 
matrilin-3 in hetero-oligomers in the cellular environment is 
likely and may indeed be due to the two types of matrilin 
subunits occurring in hybrid oligomers' 01 * 1 23 or in hybrid 
filaments. 

Data on the functional role of matrilin-3 in cartilage are 
limited but from deletion analysis in cell culture, there is 
evidence that vWFA-like domains enables interactions with 
cellular or extracellular components 10 ' 2122 . So far, no bind- 
ing partners for matrilin-3 have been identified in vivo 
except the formation of matrilin-3 homomers and 
heteromers with matrilin-1 < 0 - 21 ^. Through expression 
analysis in developing mouse joints, matrilin-3 was shown 
to be an integral component of developing cartilage. In the 
growth plate, expression was observed in the resting carti- 
lage zone as well as in the proliferating and hypertrophic 
zones, implicating that matrilin-3 participates in cartilage 
development. In contrast, in mouse articular cartilage 
matrilin-3 is present in lower amounts and deposit only at 



the periphery of the joints. This is in agreement with our 
results showing low expression in the superficial cartilage 
zone of normal human articular cartilage. In OA, along with 
an enhanced disintegration of the cellular microenviron- 
ment matrilin-3 is gradually lost from the territorial matrix, 
This indicates that the structural organization is destroyed 
and a pericellular anchoring of matrilin-3 is reduced. This 
may in part be due to an increased proteolysis of matrilin-3 
in osteoarthritic cartilage. In parallel, there is an increase in 
matrilin-3 synthesis. Chondrocyte maturation and hyper- 
trophy during development is regulated by factors such as 
Indian hedgehog protein, PTH-related peptide, the group of 
bone morphogenic proteins and members of the fibroblast 
growth factor family. There is evidence, that these proteins 
influence the differentiation and hypertrophy of chondro- 
cytes also in osteoarthritis and therefore may contribute to 
matrilin-3 up-regulation. In comparison to the strict regu- 
lation of cellular differentiation and activation during 
embryonal development, the chondrocyte biosynthetic 
activity in OA is unbalanced, resulting in a matrix which is 
unable to withstand the physiological mechanical forces. 

The low expression of matrilin-3 in normal cartilage and 
the correlation of tissue damage with the induction of 
matrilin-3 expression shows that matrilin-3 may be used as 
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a marker for the progression of OA. Studies on the function 
of matrilin-3 in cartilage as well as the determination of 
matrilin-3 in body fluids would be helpful in understanding 
and monitoring the disease process of OA. 
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ABSTRACT. Porcine Leydig cells in primary cultures are resistant to tumor necrosis factor alpha (TNFa) 
cytotoxicity. Here we report that these cells can he rendered sensitive to TNFa killing by treatment with the 
translations! inhibitor cycloheximide, suggesting the existence of proteins that can suppress the death stimulus 
induced by the cytokine. In search of these cytoprotective proteins, we focused on rhe constituents of the 
mitochondrial penneability transition pore (FT pore), whose opening has been shown to play a critical role in 
the TNFct-mediaced death pathway. We found that TNFa up-regulated mRNA and protein expression of the 
mitochondrial peripheral benzodiazepine receptor (PBR), an outer membrane-derived constituent of the pore. A 
strong correlation was established between the resistance of the cells to TNFa killing and the density of 
PBR-binding sites. Concomitantly, TNFa down-regulated Bcl-2 mRNA and protein expression. As Bcl-2 has 
been shown to be an endogenous inhibitot of the PT pore, we hypothesise that the TNFu-induccd up-rcgulation 
of PBR expression may compensate for the decrease in Bcl-2 levels to prevent the opening of the PT pore. 
BioCHEM Pharmacol 60;ll : J 639-1646, 2000. © 2000 Elsevier Science Inc. 

KEY WORDS, testis; Leydig cells; mitochondria; peripheral benzodiazepine receptor; Bcl-2; TNF 



TNFa§ is a multifunctional cytokine that elicits numerous 
cellular reactions depending ori the cellular context. Beside 
its tuinoricidal activity by which it was originally defined 
[1], TNFa has been shown to play a major role in 
inflammation, septic shock, and viral replication. The 
biochemical basis by which TNFa mediates such a wide 
array of effects is not fully understood [2}. 

Considerable attention has recently been paid to the 
TNFa-mediared death pathway where production of reac- 
tive oxygen intermediates (3], caspase activation [4], loss of 
mitochondrial membrane potential [5, 6], and cytochrome 
c release from mitochondria [6] seem to play a critical role 
in activation of the signaling. All these biochemical per- 
turbations that converge on mitochondria may be mediated 
by opening of the mitochondrial PT pore, a Bcl-2-regu- 
lated, large, non-specific pore also called megachannel or 
multiple conductance channel 17-10J. Although the mo- 
lecular constituents of the pore have not been definitively 
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established, it appears to consist of several proteins located 
at the mitochondrial contact sites, membrane tnicrodo- 
mains where the outer and inner membranes come into 
close apposition [11, 12]. Thus, the outer membrane porin 
(also called voltage-dependent anion channel or VDAC) 
and PBR, as well as the inner membrane adenine nucleo- 
tide translocator (ANT, also called ATP/ADP carrier), 
have been implicated in FT pore formation [13]. 

While TNFa induces death of tumor cells and virally 
infected cells, normal cells are generally insensitive to its 
toxic effects. However, as many normal cells can be 
rendered sensitive to TNFa by treatment with RNA or 
protein synthesis inhibitors, a postulate has emerged that 
TNFa also activates a cell survival pathway that protects 
against its cytotoxic effects. Several cytoprotective TNF- 
inducible genes have been described, including the Bcl-2 
family member Al [14], manganous superoxide dismutase 
[15, 16], the A20 zinc-finger protein 117], plasminogen 
activator inhibitor type-2 [18], and 7-glutamylcysteine 
synthetase [19]. Nuclear factor-KB activation has been 
shown to play a key rote in the regulation of these genes 
[20]. 

Porcine Leydig cells in primary cultures are resistant to 
TNFa cytotoxicity [21|. However, TNFa strongly affects 
their metabolism. Indeed, we have previously shown that 
TNFa exerts an Inhibitory action on Leydig cell stcroido- 
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genesis through a decrease in steroidogenic acute regulatory 
protein expression and that such an inhibitory action is 
probably mediated by TNFa receptor p55 expressed in the 
testicular cells [22). We report here that these cells can be 
rendered sensitive to TNFa killing by treatment with the 
translational inhibitor cycloheximide. In search of the 
mechanism by which Leydig cells resist TNFa challenge, 
we focused on the PT pore constituents. We show that 
TNFa up-regular.es PBR expression and concomitantly 
down-regulates Bcl-2 expression in these cells. As the 
resistance of the cells to TNFa killing was correlated with 
the density of PBR-binding sites, it is suggested that the 
increase in PBR expression may compensate for the de- 
crease in Bcl-2 levels to prevent the opening of the PT pore 
and rescue cells from TNFa-induced death. 



MATERIALS AND METHODS 
Materials 

PHJPK1 1 195 (l-(2-chlorophmyl))-N-methyl-N-(l-meth- 
ylpropyl)-3-isoquinoline-carboxamide), specific activity 75 
Ci/mmol, was purchased from NEN. Unlabeled PK11195 
was a gift from Dr C. Caitlard of Rh6ne-Poulenc Rorcr Co. 
Human recombinant TNFa was obtained from Prepro 
Tech. Dulbecco's modified Eagle's/Ham's F-12 medium, 
Moloney murine leukemia virus reverse transcriptase, and 
TRIzol were obtained from Life Technologies. Collagenase/ 
dispase was obtained from Boehringer. Insulin, transferrin, 
vitamin E, HEPES, and deoxyribonuc lease type I (DNase) 
were purchased from Sigma Chemical Co. [a- J3 P]dCTP was 
purchased from Amersham. Taq polymerase was obtained 
from Appltgene-Oncor and oligonucleotide primers from 
Genset. 



Leydig Cell Preparation and Culture 

Leydig cells were prepared from immature porcine testes 
(2-3 weeks old) by collagenase treatment as described in 
[23]. They were cultured in 10-cm Petri dishes (20 X 10 6 
cells/dish) at 32° in a humidified atmosphere of 5% CCs, 
95% air in Dulbecco's modified Eagle's/Ham's F-12 medium 
(1:1) containing sodium bicarbonate (1.2 mg/mL), 15 mM 
HEPES and gentamicin (20 og/mL). This medium was 
supplemented with insulin (2 u,g/mL), transferrin (5 u,g/ 
mL), and a-tocopherol (10 |xg/mL). 



Preparation of Purr/ted Mitochondria 

Mitochondria were isolated by differential centrifugation as 
described in [22]. 



C. Rey et al. 

TNFa (20 ng/mL) for 50 hr and then challenged for an 
additional 15 hr with TNFa (20 ng/mL) and different doses 
of cycloheximide (0-5 jxg/mL). Control cells wete treated 
with cycloheximide alone (0-5 ftg/mL) for 15 hr. Cyclo- 
heximide was not cytotoxic at the concentrations used 
within the time frame of the experiments. 



Radioltgand-Binding Assays 

Cultures were washed with medium, scraped from the 
dishes, and collected by centrifugation at 180 X g for 10 
min. [ 3 H]PK11195 binding studies on 20 (Ag protein from 
cell suspensions in Tris-buffered saline (TBS) or on 5 u,g 
protein from mitochondria were performed at 0° in a final 
incubation volume of 0.25 mL, using 0.9 nM of the 
radiolabeled ligand. Non-specific binding was determined 
in the presence of 10~ 5 M unlabeled ligand. After a 30-min 
incubation, the assays were stopped by filtration through 
Whatman GF/C filters pretreatcd with 10 jaM unlabeled 
ligand and washed with 15 mL ice-cold TBS. Radioactivity 
trapped on the filters was determined by liquid scintillation 
counting. Total binding was approximately 10% of the 
total free radioligand included in the assay and specific 
binding was 90% of the total binding. 



Western Blot Analysis 

Proteins from whole Leydig cells were resolved on 1 2% 
SDS/polyncrylamide gels and electrophoreticaily trans- 
ferred to nitrocellulose membranes using 10 mM CAPS 
(3-[cyclohexylamino]-l-propanesulfonic acid) pH 11, con- 
taining 10% methanol. The transfer was performed at a 
constant voltage of 100 V for 30 min. Following transfer, 
the membrane was incubated in a blocking buffer (TBS 
buffer containing 5% non-fat dry milk) for 2 hr at room 
temperature. The membrane was rinsed three times with 
TBS/Tween 0.1% (3 X 10 min), then incubated with an 
anti-Bcl-2 monoclonal antibody from Santa Cruz Biotech- 
nology (1/1000 dilution in TBS containing 2% non-far dry 
milk) for 2 hr at room tempetaturc. The membrane was 
rinsed with TBS/Tween 0.1% (3 X 10 min) and then 
incubated with horseradish peroxidasc-labeled rabbit anti- 
mouse immunoglobulin G. Bound antibodies were detected 
by chemiluminescence using a Pierce detection kit and 
Biomax MR film from Kodak. Band intensities were esti- 
mated by densitometry: scanning using the Biolmage scan- 
ner. Protein concentration was "determined by the Bradford 
assay [24]. 
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Viability Assay 

Cell viability was determined by the release of lactate 
dehydrogenase into the culture medium, using the detec- 
tion kit from Boehringer. Cells were seeded at 10 6 cells/well 
in triplicate in 6-well plates. They were pretreated with 



RNA Extraction 

Total RNAs were extracted from porcine Leydig cells with 
TRIzol reagent. The amount of RNA was estimated by 
spectrophotometry at 260 nm. 



gPAGE 3/16 * RCVD AT 5/11/2007 7:18:10 PM [Pacific Standard Time] ' SVR:SVCS01/1 • DNIS:6034 * CSID:(613) 998-3257 * DURATION (mm-ss):13-48 



From (613) 998-3257 Order # 06859616DP05739420 Fri 11 May 2007 10:17:52 PM EDT Page 4 of 9 

Up-regulacion of PBR Expression by TNFalpha in Leydig 1641 




1600 



1 2 3 4 5 
Cycloheximlde (pa/ml) 

FIG. 1. Sensitization of Leydig cells to the cytotoxicity of TNFa 
by cyclnhcximide. Cells were prctreatcd with TNFa (20 ng/mL) 
for SO hr and then challenged for an additional 15 hr with 
TNFa (20 ng/mL) in combination with increasing concentra- 
tions of cyclohcximide (0-5 u,g/mL) for 15 hr. Viability was 
determined by the release of lactate dehydrogenase into the 
culture medium. The results represent the means ± SD of three 
experiments. 



RT-PCR Analysis 

Single-stranded complementary DNAs (cDNAs) were ob- 
tained from reverse transcription of 2 u,g of total RNAs 
using random hexanucleotides as primers (.5 |xM) in the. 
presence of dNTP (0.2 mM), dithiothreitol (10 p,M), and 
Moloney murine leukemia virus reverse transcriptase (10 
U/u,l), 1 hr at 37°. cDNAs (1 u,L of RT mixture) were 
amplified by PCR withTaq polymerase (0.01 U/ul), dNTP 
(100 fiM), {a- y, P]dATP (0.045 uCi), and specific primers 
(2 u.M). The mixture was first heated at 92° for 5 min. 
Amplification was carried out for 28 cycles (PBR and 
Bcl-2) or 18 cycles (B-actin) at 92° for 30 sec, 50° (PBR), 
57° (Bcl-2), and 61 ° (B-actin) for 30 sec, and 70° for 30 sec 
using a Perkin Elmer 9700 thermocycler. At the end of the 
cycles, the reaction mixture was heated at 70° for 10 min. 
PCR products were analyzed on 8% polyacrylamide gels and 
visualized by autoradiography. The oligonucleotide primers 
for PBR were: 5'TGGAAAGAGCTGGGAGGCTTC 3' 
(forward), 5 'CGCCATACGCAGTAGTTG AG 3' (re- 
verse). PBR-ampLified products were 266 bp. The oligonu- 
cleotide primers for Bcl-2 were: 5 ' AGCGTCAACGG- 
GAGATGTC 3' (forward), 5 'GTG ATGCAAGCTC- 
CCACCAG 3' (reverse). Bcl-2-amplified products were 
212 bp. The oligonucleotide primers for B-actin were: 
5 'TTGCTG ATCC ACATCTGCTG 3' (forward), 5'GA- 
CAGGATGCAGAAGGAGAT 3' (reverse). 8-Actin- 
amplified products were 146 bp. PCR analysis for PBR, 
Bcl-2, and p-acrin were carried out from the logarithmic 
phase of amplification. PCR-amplified products were 
checked by restriction enzymes. RT-PCR primers were 
designed inside separate exons to avoid any bias due to 
residual genomic contamination. Moreover, for all primers, 
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FIG. 2. (A) Effect of the duration of TNFa treatment on 
[ } H]PK11 195 binding in Leydig cells. Leydig cells were treated 
with 20 ng/mL of TNFa for various time periods. ['H]PK1 1195 
binding studies were performed on 20 (tg protein from ceil 
suspensions as described in Materials and Methods. Data shown 
represent mean values ± SD from three different experiments. * 
indicates that the values were significantly different from control 
values (time 0) as determined by one-way analysis of variance 
followed by Tukey-Kramer's post hoc test (P < 0.001). (B) 
Dose-rcspon sc relationship of TNFa on [ 3 H]PK11195 binding 
in Leydig cells. Porcine Leydig cells were exposed for 65 hr to 
various concentrations of TNFa. Cultures were then processed 
for binding as described in Fig. 2A. Data shown represent mean 
values ± SD from three independent experiments. * indicates 
that the values were significantly different from control values 
(no TNFa treatment) as determined by one-way analysis of 
variance followed by Tukey-Kramcr's post hoc test (P < 0.01 ). 



no amplification was observed when PCR was performed on 
RNA preparations. 

Data Analysis 

All experiments reported here were repeated three rimes 
with independent cell preparations. Significant differences 
among groups were examined by one-way analysis of vari- 
ance followed by Tukcy-Kranier's post hie test. Statistical 
analysis was petformed using the GraphPad Instat rm program. 
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TABLE 1. Binding characteristics of PBR in control and TNFoMreated Leydig cells 







Cell homogenate 




Mitochondria 














(nM) 


(pmol/mg prot) 


(nM) 


(pmol/mg prot) 


Control 


7.2 ± 1.4 


4.1 ± 0.3 


4.1 ± 1.7 


18.1 ± 0.5 


TNFct 


5.0 ± 0.6 


8.5 ± 1.0* 


7.6 ± 4.2 


40.0 ± 7.8t 



Leydig cells were treated with 20 ng/mL nf TNFa for 65 hrorVepr untreated. | J H]PK11195 (0.9 nM ) -binding scudic* were performed on Z0 of rjrc*ein from the cell homogenate 
in the presence of increasing concentrations of unlabeled ligand 0 nM to 0.1 u,M). Binding characteristics of PBR were also measured on isolated mitochondria. Curve fitting 
was performed by computer-assisted non-linear regression analysis (CurveExpcat 1.3 program). Values of dissociation constant (Kj) and maximal number of binding sires (B Ml ) 
are expressed as the means 2: SEM of rhrre inhVpcndenr experiments. 



*P < 0.03 versus homofienate from control cells (paired t-test). 
tP < 0.05 versus mitochondria front cuuuuL cells (paired t-test). 



RESULTS 

Sensitization of Leydig Cells to the Cytotoxicity of TNFa 
by Cycloheximide 

Porcine Leydig cells in primary cultures are resistant to 
TNFa killing (21). However, these cells can be rendered 
sensitive to TNFa cytotoxicity by treatment with the 
translational inhibitor cycloheximide. As shown in Fig. 1, 
as little as 0.5 fig/mL of cycloheximide was effective in 
eliciting cellular death in TNFa-treated cells (30% dead 
cells versus 15% dead cells in TNFa-alone-treated cells). 
With 5 jig/mL of cycloheximide, almost 50% of the 
TNFa-treated cells died within 15 hr. Data from cyclohex- 
imide-alone-treated cells indicated that cycloheximide was 
not cytotoxic at the concentrations used in the experi- 
ments. It appears likely, from these results, that Leydig cells 
are protected from TNFa- mediated cytolysis by proteins 
that need to he continuously synthesized. 

Effect of TNFa on L 3 H]PK11195 Binding 

In search of the cytoprotective proteins, we focused on one 
of the putative constituents of the mitochondrial PT pore, 
namely PBR. PK11195 was used as a prototypic ligand of 
this receptor. Primary cultures of porcine Leydig cells were 
treated with TNFa for various time periods. The cells were 
then harvested and assayed for | 3 H]PK11195 binding. As 
shown in Fig. 2A, the addition of 20 ng/mL of TNFa to 
Leydig cells resulted in a significant increase in 
[ 3 HJPK11195 binding to these cells. A maximal effect to 
2.5- to 3-fold of control occurred after long-rerm treatments 
^65 hr. When cells were exposed to various concentrations 
of TNFa for 65 hr, a significant dose -dependent increase in 
pHJPKI 1 195 binding was observed (Fig. 2B). The maximal 
response was achieved with concentrations close to 20 
ng/mL, after which a plateau was reached. In the concen- 
tration of 16-50 ng/mL, an increase of —175-200% in 
ligand binding above the level in untreated cells was 
observed. 

In non-treated cells, non-linear regression analysis re- 
vealed binding sites for PK11195 having Kj and 
values of 7.2 ±1.4 nM and 4.1 ± 0.3 pmol/mg, respectively 
(Table 1). Treatment of Leydig celLs with 20 ng/mL of 
TNFa for 65 hr resulted in a 2-fold increase in the density 



of the binding sites {B ltlux = 8.5 ± 1.0 pmol/mg), whereas 
the equilibrium dissociation constant was unaffected {K d ~ 
5.0 ± 0.6 nM). 

As a subset of PBR at the plasma membrane has also 
been demonstrated in some cells [25], studies were per- 
formed to verify that TNFa elicited an increase in the 
density of the mitochondrial PBR sites. As seen in Table 1, 
purified mitochondria from TNFa-treated cells exhibited a 
2-fold increase in the maximal number of PK1 1 195-binding 
sires when compared with mitochondria from control cells 
(40.0 ± 7.8 pmol/mg of protein versus 18.1 ± 0.5 pmol/ 
mg). No significant alteration in the equilibrium dissocia- 
tion constant was observed in the mitochondria from 
TNFa-treated cells. 

Effect of TNFa on PBR mRNA 

As TNFa up-regulated the number of PBR-binding sites in 
Leydig cells, we investigated whether the cytokine also 
affected PBR mRNA levels through the RT-PCR ap- 
proach. The expression of B-actin was also determined for 
each sample and used as an internal control for the 
efficiency of each RT-PCR reaction. Although this 
method is only semiquantitative, Fig. 3A indicates that 
short-term treatments of Leydig cells with TNFa (20 
ng/mL) did not significantly affect PBR mRNA levels. 
However, periods of treatment longer than 40 hr elicited an 
increase in PBR mRNA levels, a maximal response being 
achieved with 65 hr of treatment. TNFa increased PBR 
mRNA levels in a dose-dependent manner as shown in Fig. 
3B. The concentration of TNFa required to achieve a 
maximal response was in the range of 16-50 ng/mL. 

Correlation between the Density of PBR -Binding Sites 
and Cell Viability 

Because Leydig cells can be rendered sensitive to TNFa 
cytotoxicity by treatment with cycloheximide, studies were 
done to determine whethet PBR levels were correlated with 
cell survival. Leydig cells were treated with different doses 
of cycloheximide in combination with 20 ng/mL of TNFa. 
TBR levels were evaluated by measuring the binding of 
f 3 H]PK11195 in whole Leydig cells, while cell death was 
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FIG. 3. (A) Effect of the duration of TNFa treatment on PBR 
mRNA levels. Leydig cells were treated with 20 ng/mL of 
TNFa for various time periods (0-72 hr). RT-PCR experi- 
ments were conducted as described in Materials and Methods. A 
representative PCR is shown. (B) Dose effect of TNFa on PBR 
mRNA levels. Leydig cells were cultured for 65 hr in the 
presence of various concentrations of TNFa (0-50 ng/mL). 
RT-PCR experiments were conducted as described in Materials 
and Methods. A representative PCR is shown. 



determined by the release of lactate dehydrogenase into the 
culture medium. As stated in Fig. 4, increasing concentra- 
tions of cycloheximide strongly antagonized the increase in 
PBR ligation induced by TNFa. While TNFa alone in- 
creased pH]PK11195 binding to 176% of the binding 
observed in untreated control cells, the combination of 
TNFa with 3 ug/mL of cycloheximide decreased 
[ 5 H]PKU195 binding to 70% of the control. Under these 
conditions, the B ranx value was decreased to 3.1 pmol/mg 
(B nax value with 3 ug/mL of cycloheximide in the absence 
of TNFa treatment was 3.3 pmol/mg), while the fQ value 
was unchanged. When cell viability was concomitantly 
analyzed, a correlation was found between the decrease in 
PBR levels and enhanced cell death (Fig. 4, inset). 

Effect of TNFa on Bcl-2 Protein and mRNA 
Expression 

As PBR is known to be associated with the voltage- 
dependent anion channel and the adenine nucleotide 
translocator in a complex that participates in the mito- 
chondrial permeability transition, we were interested in 
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FIG. 4. Effect of cycloheximide on [ 3 H]PK11195 binding in 
TNFa-treated cells. Cells were pretreated with TNFa (20 
ng/mL) for 50 hr and then challenged for an additional 15 hr 
with TNFa (20 ng/mL) and different doses of cycloheximide 
(0-5 |tgftnL). Cells were then assayed for pHJPKl 1 195 binding 
as described in Materials and Methods. The results represent the 
means ± SD of three experiments. The average PH1PK11195 
binding from untreated cells (100%) was 106 ± 12 fmol/lO* 
cells/30 min. Inset shows the correlation between the density of 
PBR sites and the resistance to TNFa cytotoxicity. Cell viability, 
determined by the release of lactate dehydrogenase into the culture 
medium, was plotted against PBR levels evaluated by measuring 
the binding of [ 3 H]PK1 1 195 in Leydig cells. The line represents 
the best fit to the data points with a correlation coefficient r 2 = 
0.96. 



studying the effect of TNFa on the expression of Bel 2, a 
protein known to regulate the opening of the PT pore. As 
shown by anti-Bcl-2 Western blotting (Fig. 5A), long-term 
treatments of Leydig cells with TNFa (20 ng/mL) down- 
regulated Bcl-2 expression, a 65-hr treatment resulting in a 
3-fold decrease in the expression of the protein. RT-PCR 
for Bcl-2 demonstrated that TNFa also affected Bcl-2 
mRNA expression. Indeed, while short-term treatments did 
not significantly reduce Bcl-2 mRNA levels, a decrease in 
the levels of Bcl-2 mRNA was observed for periods of 
treatment longer than 65 hr (Fig. 5B). 

DISCUSSION 

Porcine Leydig cells in primary cultures are resistant to 
TNFa killing, although this cytokine dramatically but 
reversibly disturbs the steroidogenic function of die cells 
[21, 22]. Yet, we have shown that those cells that express 
the TNFa receptor 55 [22] can be rendered sensitive to the 
cytotoxic effects of the cytokine by treatment with the 
protein synthesis inhibitor cycloheximide. These results arc 
consistent with the existence of proteins that can suppress 
the death stimulus generated by TNFa in Leydig cells. 

In search of the mechanism by which Leydig cells resist 
TNFa challenge, we focused on the mitochondrial perme- 
ability transition pore. Indeed, the opening of this pore, 
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FUJ. 5. (A) Long-term time-course study of TNFa on Bcl-2 
protein expression. Leydig cells were treated with 20 ng/mL of 
TNFa for various time periods (0-65 hr). Western blot 
analyses were performed as described in Materials and Methods. 
Upper panel, Integrated intensities of Bcl-2 protein (from whole 
Leydig cells. 30 jig in each sample) Western blotted from three 
independent experiments. * indicates that the values were 
significantly different from control values (time 0) as deter- 
mined by one-way analysis of variance followed by Tukey- 
Kramer'sposf hoc test (P < 0.01). Lower panel, a representative 
autoradiograph showing the immunodetected protein. (B) Effect 
of duration of TNFa treatment on Bcl-2 mRNA level. Porcine 
Leydig cells were incubated with TNFa (20 ng/mL) for various 
time periods (between 0-72 hr). Total cellular mRNAs were 
then extracted and RT-PCR was performed as described in 
Materials and Methods. A representative PCR is shown. 



which is regulated by Bcl-2, has been shown to be a critical' 
event in the process of lethal cell injury induced by TNFa 
[7]. While the molecular constituents of the pore remain 
only partially defined, a speculative model includes the 
inner membrane adenine nucleotide translocator and outer 
membrane proteins such as the voltage-dependent anion 
channel and the mitochondrial benzodiazepine receptor. 
Although PBR are found in virtually all mammalian tissues, 
they are particularly abundant in steroid-producing tissues 
such as adrenal, testis, and ovary [26J. Various functions 
have, been ascribed to the PBR, including control of cell 
proliferation and differentiation (27, 28], modulation of 
monocyte functions [29], intracellular transport of anion 
[30] porphyrin and heme [31], as well as intramitochondrial 
cholesterol translocation ]26]. However, the failure to 
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generate PBR-negative gene knockout mouse because of 
the early death of animals during embryogenesis [32] 
suggests that PBR are also involved in critical functions. Of 
particular interest when considering this context are exper- 
iments investigating PBR ligation in various cultured cells 
that have shown eithet a facilitation of the induction of the 
mitochondrial permeability transition by a number of 
stimuli including chemotherapeutic drugs and irradiation 
[33, 34] ot a protection against apoptosis induced by TNPa 
135]. 

Recently, PBR have been reported to participate in the 
protection of hematopoietic cells against oxygen radical 
damage [36]. Indeed, Carayon et al. established a strong 
correlation between the ability of hematopoietic cell lines 
to resist H 2 0 2 cytotoxicity and the level of PBR expression. 
Moreover, the transfection of Jurkat cells that do not 
express PBR with the human PBR cDNA increased their 
resistance to oxygen radical damage. Noteworthy are the 
findings of Yelisecv et al., who showed numerous parallel- 
isms between PBR and a bacterial "oxygen" sensor, die 
tryptophan-rich sensory . protein (TspO) of Rhodnbaaer 
sphaewides [37]. The striking similarity between the pro- 
teins even led the authors to propose TspO as a model for 
the structure and function of the mammalian PBR [38]. 

In the present work, we found that TNFa up-regulated 
PBR expression in porcine Leydig cells. As an overproduc- 
tion of intracellular reactive oxygen intermediates (ROI) 
generated from mitochondria seems to be a critical event in 
mediating the cytotoxic effects of TNFa [3, 16], it appears 
likely diat this up-regulation could be involved in the 
resistance of Leydig cells to the oxidative stress induced by 
die cytokine. 

Of particular interest was the finding that the increase in 
PBR sites occurred concomitantly with a down-regulation 
of Bcl-2 expression. The Bcl-2 oncoprotein resides mainly 
on the cytoplasmic face of the mitochondrial outer mem- 
brane, where it is located at the contact sites between the 
outer and inner membranes [39]. As PBR shares properties 
with Bcl-2, it has been suggested that the proteins could 
have some common functions [36]. Indeed, recent findings 
of Schendel et al. [40] provided biophysical evidence that 
Bcl-2 forms channels in lipid membranes, while three- 
dimensional modeling of PBR revealed that the receptor 
could function as a channel [41]. As Bcl-2 has been shown 
to be an endogenous inhibitor of mitochondrial PT, our 
data support the hypothesis that the up-regulation of PBR 
expression observed in TNFa-treated Leydig cells could 
compensate for the decrease in Bcl-2 levels to prevent the 
opening of the PT pore. Moreover, this hypothesis is 
consistent with the observation that a large number of PBR 
sites associate with low Bcl-2 expression in phagocytic cells 
known to produce high levels of reactive oxygen species 
[36|. 

The fact diat TNFa induced similar effects (up-regula- 
tion of PBR expression and down-regulation of Bcl-2 
expression) in Sertoli cells (data not shown) may indicate 
that gonadal cells have developed common mechanisms to 
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protect against TNFa killing. Indeed, die long half-lives of 
these terminally differentiated cells suggest that they are 
very efficiently protected from cell death. It appears, there- 
fore, that PBR could act as an antidote to TNFa cytotox- 
icity in cells that require an extended life span, such as 
Leydig and Sertoli cells. Worth mentioning in rhis context 
are the findings that higher PBR levels are present in 
various tumor tissues when compared to normal ones 
[42-44] and that patients with tumors expressing high PBR 
levels have a shorter life expectancy than patients with 
tumors having lower PBR contents [44]. 

An increase in PBR sites has also been observed in brain 
after experimental injuries as well as in certain neuropatho- 
logies! states [45-47]. In vitro studies suggest that this 
up-regulation of PBR expression may be mediated by 
cytokines such as ituerleukin-1 and TNFa, which are 
released by cells of the monocytic lineage found in the 
injured brain [48]. In our models of gonadal cells, the TNFa 
could originate from the interstitial macrophages that 
might be activated during an immune challenge or chronic 
inflammatory diseases. 

In conclusion, PBR was known to mediate the intrami- 
tochondrial cholesterol transport in steroidogenic cells |26). 
However, considering the recent work of Papadopoulos et 
al., which provides evidence that PBR is a component of 
the mitochondrial apoptosis cascade in corpus luteum cells 
[49], as well as the data presented here, it appears likely that 
PBR may also fulfill other functions in these cells related to 
the protection from cell death. 
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Original article 1 5 

Silencing of the thrombomodulin gene in human malignant 
melanoma 

Junichi Furuta a,b , Atsushi Kaneda a , Yoshihiro Umebayashi b , Fujio Otsuka b , 
Takashi Sugimura 3 and Toshikazu Ushijima 3 



The loss of thrombomodulin (TM) expression is associated 
with tumour growth, infiltration and lymph node metastasis 
in human tumours. In melanoma cell lines, TM is reported 
to mediate cell adhesion, and its introduction into TM* 
negative melanoma cell lines suppresses their growth. In 
this study, we analysed TM expression in surgical mela- 
noma specimens and the role of its promoter methytation 
in the loss of its expression. In 1 5 (75%) of the 20 
specimens (five from a primary site and 1 5 from metastatic 
sites), melanoma cells lacked TM immunoreactivity. 
Methylation of the TM promoter region was detected in 1 0 
(67%) of the 1 5 TM-negative specimens by methylation- 
specific polymerase chain reaction, whereas methylation 
was detected in two (40%) of the five TM-positive speci- 
mens. In cell lines, complete methylation of the TM 
promoter CpG island was detected in six (46%) of 1 3 
melanoma cell lines, whereas no methylation was detected 
in two cultured normal melanocytes. There was a good 
correlation between the methylated status of the CpG 
island and the loss of TM messenger RNA (mRNA) 
expression. Treatment of melanoma cell lines with a 
demethylating agent, 5-aza-2'-deoxycytidine, induced 



demethylation of the promoter CpG island and the 
restoration of mRNA and protein expression. These 
findings suggest that most human melanomas lack TM 
expression, and that methylation of the promoter CpG 
island is one of the mechanisms responsible. Melanoma 
Res 15:15-20 © 2005 Lippincott Williams & Wilkins. 
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Introduction 

Thrombomodulin (TM) not only plays ;i critical role in 
anticoagulant activity, but is also involved in various 
biological and pathological processes, including thrombo- 
sis, arteriosclerosis, stroke, inflammation and cancer [1]. 
TM is a glycosylated transmembrane protein with a large 
extracellular domain that comprises a C-type lectin-like 
domain, six epidermal growth factor (EG'F) modules and 
a serine/threonine-rieh region fl]. TM i.s expressed 
mainly in endothelial cells, but is also found in a wide 
range of other cells, including platelets, monocytes, 
synovial lining cells, transitional epithelium in the ureter 
and squamous epithelium in the skin, oral mucosa, larynx, 
oesophagus and vagina 1 2 — 6] . 

With regard to the role of TM in tumours, an association 
between a high expression of TM and a low-malignancy 
phenotype has been reported for oesophageal squamous 
cell carcinomas, lung squamous cell carcinomas and 
hepatocellular carcinomas [7-10]. When cell proliferation 
was compared between melanoma cell lines subcloncd 
from four patients, a negative correlation between 'I'M 
expression and cell proliferation was observed in vitro 

0960-8931 ©■ 2005 Lippincotl Williams & Wilkins 



(111. When wild-type I'M was introduced into B16 
melanoma cells, a TM-ncgativc mouse melanoma cell 
line, cell proliferation hi vitro and tumour growth m vivo 
were decreased [11 J. The introduction of green fluor- 
escent protein (GFP)-tagged TM_ into A2058, a TM- 
ncgativc human melanoma cell line, resulted in the 
accumulation of TM in cell-to-cell adhesion sites, 
established a morphology with compact clustering and 
produced a decreased cell proliferation rate /// vitro and 
decreased tumour growth in vivo [12]. The addition of 
soluble TM in a reconstituted • basement membrane 
(Matrigel " ) inhibited the invasive activity of B16F10 
melanoma cells into the Matrigcl [13]. 

All of these studies strongly indicate that TM expression 
status i.s an important factor determining the malignant 
potential of many tumours, including human melanomas. 
However, TM expression has not been analysed in 
surgical specimens of human melanomas. Therefore, in 
this study, we analysed TM expression in surgical 
specimens of human melanomas, Furthermore, wc 
analysed the involvement of UNA methylation-associated 
gene silencing in TM inactivation, as we have recently 
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found that the TM gene is silenced in human gastric 
cancers by methylation of a GpG island (CGI) in its 5' 
upstream region [14]. 

Materials and methods 

Surgical melanoma specimens, cultured normal mela- 
nocytes and melanoma cell lines 

Twenty melanoma specimens, five from primary sites and 
15 from metastatic sites, were obtained from patients 
undergoing tumour resections at Tsukuba University 
Hospital with informed consent. All samples were 
embedded in paraffin and fixed in formalin. Two cultured 
neonatal normal epidermal melanocytes (HEM1, HEM 2) 
were purchased from Cascade Biologies (Portland, OR, 
USA). MeWo, VMRC-MFIX, A2058, C32TC and GA^ 
were obtained from the Health Science Research 
Resources Bank, Japan Health Sciences Foundation 
(Senium, Japan); C361, SK-MEL-28 and HMV-I were 
obtained from the Cell Resource Ccnrer for Biomedical 
Research, Institute of Development, Aging and Cancer. 
Ibhoku University (Sendai, Japan); COLO 679 and 
MM Ac were obtained froin RIKEN BioResource Center 
(Tsukuba, Japan); and WM-266-4 and WM-115 were 
obtained from the American Type Culture Collection 
(Rockville, VII), USA). TK-Mcl-i was established by J.E 
from a skin metastasis of a melanoma obtained at 
Tsukuba University Hospital. 

From surgical specimens, melanoma tissue was dissected 
from 50 urn thick tissue sections by a fine needle. 
deparaffiniv,ed and incubated in lysis buffer [50 mM 
Tris-HCl, pH 8.5, 1 mM cthylcncdiaminetetraacecic acid 
(EDT A), 0.5% 'lween-20, ioOmg/ml of proteinase K] 
at 55 ; 'C for 3 days with fresh proteinase K every 24 h. 
DNA was purified by phenol/chloroform extraction and 
ethanul precipitation. From cell lines, DNA was 
extracted by standard phenol/chloroform procedures. 
RNA was isolated with ISOGEN (NIPPON GENE, 
Tokyo, Japan). 

Immunohistochemistry 

TM antibody, TM (D-3), a mouse monoclonal antibody 
against amino acids 22-321 of TM protein, was purchased 
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). 
Formalin-fixed and paraffin-embedded sections were 
sliced at 5 urn thickness, deparuffinized and heated in 
10 mM citrate buffer (pH 6.0) for 15 inin at 121'C. After 
blocking, the sections wete incubated with the antibody 
at a dilution of 200-fold at 4 ; 'C overnight. The binding of 
the first antibody was detected by a specific second 
antibody and the Vcctastain Elite ABC kit (Vector 
Laboratories, Burlingame, CA, USA). Slides were coun- 
terstaincd with Mayer's haematoxylin. As a negative 
control, the absence of staining without the primary 
antibody was confirmed. As an internal positive control, 
staining of vascular endothelium was confirmed. 



5-Aza-2'-deoxycytidine (5-Aza-dC) treatment 

Cells were seeded at a density of 6 x 10 s cells per 10cm 
dish on day 0, and exposed to freshly prepared 1 uM 5- 
Aza-dC (Sigma, St. Louis, MO, USA) for 24 h on days 1 
and 3. The cells were harvested on day 4. 

Sodium bisulphite modification, methylation-spedfic 
polymerase chain reaction (MSP) and bisulphite se- 
quencing 

Five hundred nanograms of digested DNA were denatured 
in 0.3 N NaOH at 37'G for LSmin [15|. To the denatured 
DNA, 3.6 N sodium bisulphite (pH 5.0) and 0.6 mM 
hydroquinone were added, and the sample underwent 15 
cycles of denaturation at 95' C for 30s and incubation at 
50'C for 15 min. The sample was desalted with the 
Wizard DNA Clean-Up system (Promcga, Madison, WI, 
USA), and dcsulphonated by treatment with 0.3 N 
NaOH. The DNA sample was ethanol precipitated and 
dissolved in 20 ul of Tris-EDTA buffer. 

With a set of primers specific to the methylated or 
unmet hyLued sequence (M or U set, respectively), MSP 
f 16] was performed using 0.5 ul of the sodium bisulphite- 
treated DNA. MSP primers were designed within the 
promoter region as reported previously 117]. DNA 
methylated with methylase and DNA from HEM1 
were used to determine specific annealing temperatures 
for M and U sets, respectively. Minimal polymerase chain 
reaction (PGR) cycles to produce visible bands for these 
control samples were determined for M and U sets, 
respectively. For samples from cultured normal melano- 
cytes and melanoma cell lines, four cycles were added. 
For samples from surgical melanoma specimens, four 
more cycles were added because their DNA had been 
degraded. The primer sequences were 5'-GGT GAT 
TTTATG TGT GAG GGT-3' (sense) and 5'-CTC CCT 
CCC TAA ACA TTC A-3' (antisense) for the U set 
(120 bp), and 5'-TGA TTT TAT GCG CGA GGG C-3' 
(sense) and 5'-CCT CCC TCC CTA AAC GTT CG-3' 
(antisense) for the M set (119 bp). The annealing 
temperature and amplification cycles were 59'C and 34 
cycles for the U set and 65 'C and 34 cycles for the M set. 

For bisulphite sequencing, a set of primers common to 
the methylated and unmethylatcd sequences was used. 
The PGR product was cloned into the pGEM-T Easy- 
vector (Promcga), and ten clones were sequenced. The 
primer sequences were 5'-AGG AGG ATT AAG AGA 
TGA AAG AG-3' (sense) and 5'-CAA CCC AAA CAC 
TTC TTA CG-.Y (antisense) (375 bp). The annealing 
temperature and amplification cycles were 59'TJ and 35 
cycles, respectively. 

Quantitative real-time reverse transcriptase-polymerase 
chain reaction (RT-PCR) 

After treatment with DNase I (Invitrogen, Carlsbad, CA, 
USA), complementary DNA (cDNA) was synthesized 
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from 3 pg of total RNA using Superscript II (lnvitrogen). 
Real-time PCR was performed using SYBR Green PGR 
Core Reagents (PR Applied Biosystems, Foster Gity, CA, 
USA) and an iCycier Thermal Cycler (Rio-Rad labora- 
tories, Hercules, GA, USA). The number of molecules of 
a specific cDNA in a sample was measured by comparing 
its amplification with that of standard samples containing 
1 0' to U) A molecules. The expression level of* TM in each 
sample was obtained by normalizing the number of its 
cUNA molecules with that of the GAI'DH gene. The 
primer sequences were 5'-GG T GAT 'IAG AGG GAG 
GAG AA-3' (sense) and 5'CGC AGT GIG TGT GIT 
CGTTA-3' (antisense) (97 bp) for TM, and 5'-AGG TGA 
AGG 'ICG GAG 'l'CA ACG-3' (sense) and 5'-AGG GOT 
CAT TGA TGG CAA CA-3' (antisense) (102 bp) for 
CAPDU. 

Immunoblotting 

Total protein lysate (20 ug per lane) was separated by 
10% sodium dodecylsulphate (SDS)-polyacrylamide gel 
electrophoresis and transferred to a polyvinylidcnc 
difluoridc membrane (Immobilon, Milliporc, Bedford, 
MA, USA). TM protein was detected by a primary 
antibody (1 :50(> dilution), TM (D-3), and by a second 
goat anti-mouse IgG anribody conjugated with peroxidase 
(1 : 10000 dilution; KPL, Ga'ithcrsburg, Ml.), USA). The 
specific complex was visualized by enhanced chemilumi- 
tiescencc (Amershaiti Biosciences, Piscataway, NJ, USA). 
A rabbit anti-Actin antibody (1 :50() dilution; Biomedical 
Technologies, Stoughton, MA, USA) and a second donkey 
anti-rabbit IgG antibody conjugated with peroxidase 



Table 1 Thrombomodulin (TM) expression and methylation status 
in surgical specimens 



Sample 


Origin 


TM immunoroactivity 


Methylation 
status 


t 


Primary site 




U + M 


2 


Primary site 




U + M 


3 


Primary site 




M 


4 


Primary situ 


+ 


U 


5 


Primary site 


+ 


U + M 


6 


Lung metastasis 




U + M 


7 


Lung metastasis 




U + M 


8 


Lung metastasis 




U + M 


9 


Lymph node metastasis 




U 


10 


Lymph node metastasis 




U 


11 


Lymph node metastasis 


+ 


U 


12 


Lymph node metastasis 


+ 


U + M 


13 


Lymph node metastasis 


+ 


U 


14 


Skin metastasis 




U 


15 


Skin metastasis 




U + M 


16 


Skin metastasis 




M 


17 


Skin metastasis 




U+M 


10 


Skin metastasis 




U 


18 


Intestinal metastasis 




U 


20 


Liver metastasis 




U + M 



TM immunoreactivity is shown by 1 + ' (positive) and ' - ' (negative). Methylation 
status determined by methylation-specific polymerase chain reaction (MSP) is 
shown by 'M' (only methylated DNA molecules detected), U (only untrwthylateU 
DNA molecules detected) and U + M (both unrnethylated and methylated DNA 
molecules detected). There was no clear correlation between the loss of TM 
immunoreactivity and the original sites of the samples. 



(1:5000 dilution; Ghemicon International, Temecula, 
CA, USA) were used as a control. 

Results 

Immunohistochemistry of TM 

In 1.5 (75%) of 20 surgical specimens, melanoma cells 
lacked TM immunoreactivity (Ttblc 1, representative 
results in V\g. 1). In the five TM-positivc specimens, 
sttong cell membrane staining was evident in melanoma 
cells, and positive staining was obsetved in the majority of 
melanoma cells (Fig. 1A). In contrast, in TM-negative 
specimens, all melanoma cells lacked positive staining, 



Flfl. 1 




Representative immunohistochemical analysis of thrombomodulin (TM) 
expression in surgical specimens of melanoma metastatic foci. 
Sections from melanomas were stained with anti-TM (D-3) antibody. 
Fifteen (75%) of 20 melanoma specimens lacked TM immunoreactivity. 
(A) Lymph node metastasis of a melanoma (case 1 1 ) without promoter 
methylation. Strong immunoreactivity was observed in the cell 
membrane. LV, endothelial cells of lymph vessels; MET, metastatic 
region of melanoma. (B) Lung metastasis of a melanoma (case 6) with 
promoter methylation. ALV, vascular endothelial cell9 of the alveolar 
cavity. Original magnifications, x 100. 
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Fig. 2 
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Genomic structure of the thrombomodulin (TM) promoter region and its methylation analysis. (A) Structure of a 4-kb CpG island spanning from exon 
1 to the 5' upstream region. Each vertical mark, an individual GpC or CpG site; bar, region analysed by bisulphite sequencing. (B) Methylation 
analysis of the promoter region by melhylation-speeific polymtirase chain reaction (MSP) in the surgical melanoma specimens. U and M, primer sets 
for unmothylated and methylated DNA sequences, respectively. The presence of methylated DNA molecules is shown by arrow heads. (C) 
Methylation analysis of the promoter regions by MSP in cultured normal melanocytes (HEM 1 and HEM2) and melanoma cell lines. MsWo, WM-266- 
4, WM-115, TK-Mel-1, VMRC-MELG, COLO 679, A2058, MMAc, G361, C32TG, GAK, SK-MEL-28 and HMV-I, melanoma cell linos; +Aza 
melanoma coll linos after treatment with 5-aza-2'-deoxycytidine (5-Aza-dC); Sssl, genomic DNA of HEM1 troated with Sssl methytase. (D) 
Methylation analysis of the promoter regions by bisulphite sequencing in two melanoma cell lines (SK-MEL-28 and MMAc) and HEML For each 
sample, 1 0 clones were sequenced. Filled circle, mothylated CpG site; open circle, unmethylated CpG site. Arrows show the positions of CpG sites 
rocognized by MSP primers. The c-ytosine at the 1 9th CpG site had a C to A polymorphism in MMAc. 



whereas endothelial cells of lymph vessels and vascular 
vessels were clearly stained, as reported previously 
(Fig. IB) [2,18]. Three of the five (60%) specimens from 
primary sires lacked positive staining, whereas 12 of che 
15 (80%) specimens from metastatic sites lacked positive 
staining. This showed that rhe majority of surgical 
melanoma specimens lacked TM expression, whereas 
the remaining melanomas showed TM expression. 

Methylation status of TM promoter region CGI 

A 4-kb CGI that met a criterion described by Takai and 
Jones [ 19] spanned from exon 1 to rhe 5' upsrrcam region 
of the I'M gene, and the methylation status of a region 
overlapping the promoter region was analysed by MSP 
(fig. 2A). Methylation was detected in 12 (60%) of the 20 
specimens, but the region was not methylated in HEMs. 
Methylation was detected in 10 (67%) of the 15 TM- 



ncgativc specimens and in two (40%) of the five TM- 
positive specimens (Table 1. Fig. 2B). 

In surgical specimens, contamination of normal cells in 
melanoma samples was present, and it was difficult to 
determine the allelic status of methylation. Therefore, 
the methylation status was further analysed in melanoma 
cell lines (Fig. 2C). Methylation was detected in nine 
(69%) of 13 melanoma cell lines, whereas no methylation 
was detected in the two cultured normal melanocyres, 
HEM I and 1IEM2. In six of the nine melanoma cell lines, 
MMAc, G.%1, C3ZTG, GAK. SK-MEL-28 and HMV-I, 
only methylated DNA molecules were detected by MSP. 

Bisulphite sequencing was performed in SK-MEL- 1 and 
MMAc, in which only methylated DNA molecules were 
derected by MSI', and in HEMl. The methylation status 
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Fig. 3 
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Expression levels of thrombomodulin (TM) in cultured normal 
melanocytes and melanoma cell lines analysed by quantitative reverse 
transcriptase-polymerase chain reaction (RT-PCR). Expression levels 
were normalized to that of GAPDH, and arc shown on a logarithmic 
scale. The methylation status of each sample in the promoter region is 
shown below the names of the samples. With or without 5-aza-2'- 
deoxycytidino (5-Aza-dC) treatment is indicated as '(+)' or '(->', 
respectively. Expression status correlates with methylation status in the 
promoter region. M, only methylated DNA molecules detected; U, only 
unmothylated DNA molecules detected; U + M, both unmethylated and 
methylated DNA molecules detected. 



of the 120-bp region between the primers of MSP wns in 
complete accordance with the results by MSP (Fig. 2!)). 
It was also observed chat die methylation status detected 
by MSP was in good accordance with the methylation 
status of a broader region (331 bp). 

Messenger RNA (mRNA) expression of TM and restora- 
tion by 5-Aza-dC in melanoma ceil lines 

The expression levels of TM were analysed in a cultured 
normal melanocyte, IIEMl, and in 13 melanoma cell lines 
by quantitative real-time RT-PCR (Fig. 3). TM was 
abundantly expressed in the normal cultured melanocyte,- 
HHVU. Of the melanoma cell lines, TM expression was 
losr in all six cell lines that showed only methylated DNA 
molecules, whereas some expression was detected in four 
or the six cell lines that showed both unmethylated and 
methylated DNA molecules ot only unmethylated DNA 
molecules. 

lb examine the role of the methylation of CGI in the 
promoter region in the loss of TM expression, six 
melanoma cell lines, MMAc, G361, C32TG, GAK, SK- 
MEL-28 and HMV-I, which showed only methylated 
DNA molecules, were treated with 5-Aza-dC, a demcthy- 
lating agent. In four (MMAc, G361, GAK and SK-MKL- 
28), CGI in the TM promoter region was demcthylatcd 
(Fig. 2C), and TM was re-expressed (Fig. 3). This showed 
that, methylation of CGI in the promoter region was 
critically involved in the loss of TM expression. 
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Western blot analysis of thrombomodulin (TM) protein expression. 
HEM2, four melanoma cell lines before the addition of 5-aza-T 1 - 
deoxycytidine (5-Aza-dC) and two melanoma oell lines after the addition 
of 5-Aza-dC were analysed. TM protein expression was observed in 
melanoma cell lines without methylation, but not in those with complete 
methylation. The expression in cell lines with complete methylation was 
restored by the addition of 5-Aza-dC. 



Immunoblot analysis of TM protein 

To confirm the results obtained by RT-PCR, immunoblot 
analysis was performed using cell lines with abundant re- 
expression of TM: G361 and SK-MEL-28 (Ftg. 4). Before 
treatment with 5-Aza-dC, TM protein was detected in 
HEM2 and in two melanoma cell lines (McWo and 
COLO 679) that showed only unmethylated DNA 
molecules and mRNA expression. In contrast, TM 
protein was not detected in two cell lines (G361 and 
SK-MEL-28) that showed only methylated DNA mole- 
cules and no mRNA expression. After treatment of G361 
and SK-MEL-28 with 5-Aza-dC, TM protein was 
detected. These results confirmed that TM mRNA 
detected by RT-PCR, especially thar re-expressed after 
5-Aza-dC treatment, was translated into TM protein. 



Discussion 

In this report, TM expression was found to be absent in 
most of the surgical melanoma specimens, although we 
mainly used metastatic samples to isolate DNA mostly 
from melanoma cells. It has been reported that low TM 
expression is associated with high-malignancy phenotypes 
in oesophageal, lung and liver cancers [7— 10) , and that 
TM has a growth suppressive effect on melanoma cell 
lines [11-13]. However, this study is the first to show 
that some human melanomas lack TM expression. Jo 
determine the mechanisms, we further analysed the 
methylation status of CGI in the TM promoter region. It 
was shown that CGI was methylated, and played a critical 
role in the loss of TM expression, as known for CGIs in 
promoter regions of tumour suppressor genes, such as pl6 
120], E-coflhtrm [21] and JtMLHJ [22]. Although gene 
silencing can be analysed only in melanoma cell lines, 
the presence of the aberrant methylation of the 
promoter CGI strongly suggests that its silencing is also 
present in vivo. 
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Five of die 15 TM-negative surgical specimens showed 
no TM methylarion. It was therefore indicated that other 
mechanisms, such as chromosomal deletions, mutations 
and a lack of upstream signals, were involved. Although 
the loss of the TM locus (20pl2-cen) is infrequent in 
melanomas [23], its loss has been reported in melanoma 
cells with high invasive capacity [241. With regard to 
mutations, no information is available in melanomas, and 
an analysis is necessary. Three cell lines, WM-266-4, WM- 
115 and A2058, retained unmethylated DNA molecules, 
but did not express TM mRNA. 'Hie loss of expression of 
a tumour suppressor gene that can be potentially silenced 
by promoter mcchylation has been observed even without 
mcthylation for several tumour suppressor genes, such as 
CWfl, RARB and hMLHI [25-27]. 

In human normal skin specimens, epidermal melanocytes 
lacked TM immunureacrivky in our study (data not 
shown) and in a previous report [6], whereas TM 
expression was evident in culm red normal melanocytes. 
One possibility is that TM expression is necessary only on 
limited occasions, such as cell proliferation. Indeed, 
epidermal melanocytes are known not to proliferate 
in situ unless specifically stimulated, e.g. by ultraviolet 
light [28], whereas cultured normal melanocytes keep 
proliferating. TM may be expressed only when cells are 
proliferating, and may maintain cell proliferation within 
an appropriate range. To support this hypothesis, normal 
hepatocytes showed no TM immunoreactivity, but TM- 
positive hepatocellular carcinomas showed bertcr prog- 
nosis [10]. 

In conclusion, our findings show that TM is not 
expressed in most human melanomas, and that methyla- 
tion of the promoter CGI is one of the mechanisms for 
the loss of expression. 
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Ab s t r a c t 

We studied whether inductwn of glucose 
transporters ((jUJTs) I to 4 correlates with human 
papillomavirus (HPV) dependent malignant 
transformation of cervical epithelium. Tissue samples of 
cervical intraepithelial neoplasia (CIN; grades I to 3), 
invasive carcinomas, and lymph node metastasis were 
examined. HPV typing was performed. Ttssue sections 
were immunostained with GLUTI to GLUT4 

■ antibodies. Messenger RNA (mRNA) in situ 
hybridization confirmed GLUTI protein expression. 

Weak expression of GLUTI was found in 
fnondysplastic HPV-positive and HPV-negative 
. epithelium; significimt expression was observed in 
: preneoplastic lesions; correlating with the degree of 

■ dysplasia. In CIN 3 high-risk HPV lesions, cervical 
[ cancer, and metastasis, GLUTI was expressed at 
-highest levels with a strong correlation of GLUTI 

mRNA and protein expression. Immunostains for 
GLUT2 to GLUT4 were negative. 

Cervical tumor cells respond to enhanced glucose 
utilization by up-regulation of GLUTI. The strong 
induction of GLUTI mRNA ami protein in HPV-positive 
;•• CIN 3 lesions suggests GLUTI overexpression as an 
early event in cervical neoplasia. GLUTI is potentially 
relevant as a diagnostic tool and glucose metabolism as 
a therapeutic target in cervical cancer. 
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It has been known for several decades that tumor cells 
show enhanced glucose metabolism compared with benign 
tissues. 1 A continuous supply of glucose is the predominant 
source of adenosine triphosphate generation and substrate 
storage in mammalian cells. Molecular cloning of the glucose 
transporter piDtein 1 (GLUTI) that catalyzes the uptake of 
glucose in erythrocytes 2 and the subsequent identification of 
homologous genes (GLUT2, GLUT?, GLUT4, and GLUT5) 
revealed a family of genes to facilitate diffusion of hexoses 
into mammalian cells. 3 On the basis of sequence similarities 
and functional characteristics, GLUTS can be divided into 3 
subfamilies, referred to as class I (GLUTs 1-4), class II 
(GLUTs 5. 7, 9, and 11), and class III (GLUTs 6, 8, 10, and 
12 and the mw-inositol transporter HM1TI). 4 

Altered expression of glucose transporter proteins has 
been described in different tissues under various conditions 
such as transformation by oncogenes, hypoxia, and expo- 
sure to insulin. 5 In vivo, the storage of glycogen has been 
related to the differentiation status of squamous cell 
epithelia. 6 - 7 In glucose-deprived 3T3-L1 adipocytes, 
GLUTI activation by glucosylation relates to increased 
storage of glycogen.* Cell culture experiments showed that 
the expression of GLUTI transporter protein is induced by 
certain oncogenes such as ras and src 9 - m and regulated by 
the growth factors such as platelet-derived growth factor 
and epidermal growth factor. 11,12 

Furthermore, members of the class I family of glucose 
transporter proteins were expressed strongly in various solid 
tumors such as breast cancer, 1 X>A renal cell carcinomas, 15,14 
brain tumors, 17 and gastrointestinal malignomas.'* So far, class 
If and III GLUT members have nut been observed to be rele- 
vant for tumorigenesis or tumor progression. 1 * 
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Little is known about the expression partem of GLLTTs in 
cervical neoplasms. Increased glucose uptake demonstrated by 
positron emission tomography (PET) 1 ' 1 suggests a potential 
pathophysiologic role of glucose metabolism in cervical 
cancer. The malignant progression of cervical carcinomas 
from preinvasive lesions may serve as a paradigm tor tumori- 
genesis along well-defined pathologic stages and pathogen- 
esis. The development of cervical neoplasia is associated with 
[he human papillomavirus (HPV). Viral integration guarantees 
perpetual expression of HPV-related viral oncogenes. These 
molecular changes are produced most consistently by the 
prototypic high-risk HPV types (eg, 16, 18. 31. and 33), bin 
many others (low-risk types, eg, 6, 1 1, and 40) muy be associ- 
ated with invusive cancer. 

Wc studied the relationship of HPV-related cervical tumor 
transformation, cellular glycogen storage and expression, and 
distribution of GT.UTl, CLUT2, GLUT3, and GLUT4. 

Materials and Methods 

Tissue sections were prepared from formalin-fixed, 
paraffin-embedded archival specimens of cervical neoplasms 
obtained by surgery. Of 90 available tissue samples from cone 
biopsies performed for preneoplastic cervical lesions, 18 were 
mild cervical intraepithelial neoplasia (ClN 1), 24 were 
moderate (ClN 2), and 48. were severe dysplasia lesions (CIN 
3). The cervical carcinoma specimens and the cervical lymph 
node metastasis specimens were obtained from 94 patients 
who underwent radical surgical resections at me Department 
of Gynecology and Obstetrics, University Hospital. Aachen. 
Germany, between August 1995 and September 1997. Tissue 
specimens from 22 pelvic lymph node metastases were 
studied. The histologic diagnosis and grade of dysplasia were 
confirmed by 2 pathologists (R.B. and MM.) arxc*ding to (he 
criteria of the International Federation of Gynecology and 
Obstetrics (FTGO classification) and the World Health Organi- 
zation. 11 The tissue specimens were examined histologically 
and contained predominantly neoplastic cells, and the popula- 
tion of tumor cells was no less than 50% of ail cells in the 
specimens. Paraffin-fixed tissue sections from 34 unselected 
benign cervical lesions were used as control samples and 
contained changes such as inflammatory or squamous atypia, 
immature metaplasia, or basal cell hyperplasia. 

For immunohistochemical analysis, 3-um sections were 
deparaffinized and rehydrated. After rinsing with phosphate- 
buffered saline, endogenous peroxidase activity was inhib- 
ited by incubation in 3% hydrogen peroxide solution for 30 
minutes, and theslides were incubated in a 1:10 solution of 
equine normal serum to block nonspecific staining. 

After antigen retrieval by microwave treatment (600 W) 
for 5 minutes (3 times) in a lO-mmol/L concentration of 
sodium citrate, slides were incubated for 60 niinutes with 



polyclonal rabbit antihuman GLUT1 (DAKO, Hamburg. 
Germany) and polyclonal rabbit GLUT2, GLUT3. and 
GLUT4 antibodies (Biogenesis, New Field, England). The 
antibodies were diluted with bovine serum albumin 
according to the manufacturer's instructions. As a negative 
control, slides were reacted with equal amounts of nonspe- 
cific IgG instead of the specific primary antibody. After 
rinsing in phosphate-buffered saline, slides were incubated 
with a 1:50 dilution of biotinylated secondary antibody 
(DAKO) for 30 minutes and developed using the ABC tech- 
nique (Vectastain ABC Systems, Vector Laboratories, Peter- 
borough, England) according to the manufacturer's instruc- 
tions. Immunocomplexes were visualized with the 
chromogen diaminobenzidine. Staining for glycogen was 
performed by the periodic acid-Schiff (PAS) reaction and 
counlerstaining with toluidine blue. 

The specificity of GLUT1 staining was confirmed 
routinely in all cases by staining of parallel tissue sections 
with GLUT1 antiserum that had been preincubated with the 
immunizing peptide (25 ug/mL for 1 hour at 25°C). GLUTI 
immunostaining was blocked by this peptide competition in 
all cases. The sections were evaluated semiquantitatively for 
immunoreactivity and PAS staining, based on a scoring 
system thai was defined by the product of the intensity of the 
staining and the percentage of the stained cells. The speci- 
mens were subdivided into strong (50% or more marked 
cells), moderate (25%-49%). weak (t(J%-24%;, and not 
marked for GLUTI and glycogen (<I0%). Grading was 
performed by consensus of 2 observers (R.B. and MM.) in a 
blinded manner without previous knowledge of the 
histopathologic and clinical data for each case. 

In situ hybridization was performed on paraffin- 
embedded tissue samples from different cervical biopsies as 
described previously 22 using phosphorus 33 ( 33 P)-labeled 
sense and antisense complementary RNA riboprobes for rat 
GLUTI. Briefly, Proteinase K--pretreated slides (10 ug/mL) 
were acetylated in acetic anhydride diluted 1:400 in a 0.1- 
mol/l. concentration of triethanolaminc (pH 8.0) and 
hybridized overnight in 50%> formamide, 10% dextran 
sulfate, a 10-mmitl/L concentration of tris(hydroxymethyl) 
aminomethnnc (pH 8.0), a 10-mmol/L concentration of 
sodium phosphate (pH 7.0), 2x standard saline citrate, a 5- 
mmol/L concentration of EDTA (pH 8.0), 1 50-pg/inL 
concentration of transfer RNA, a 10-mmol/L concentration 
of dithiothrcitol, and a 10-mmol7L concentration of (5- 
mercaptoethanol supplemented with 5 x 10 4 cpru/uL of 33 P- 
labeled sense or antisense riboprobes at 50"C. Finally, slides 
were washed twice in 50% formamide-2x standard saline 
citrate -20-mmol/L concentration of fi-raercaptoethanol, 
digested with RNase A (20 ug/mL) for 30 niinutes at 37°C, 
and washed again 3 times with the same washing buffer for 
30 minutes each al 50°C. After dehydrating, slides were 
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coated with Kodak NTB2 emulsion (Kodak. Rochester, NY) 
and exposed for 8 to 10 clays. The intensity of the silver 
staining was examined by darkfield microscopy, and digital- 
: i'zed images were examined using I mage J 1.27z software 
(National Institutes of Health, Bcthesda, MD). The Srudent / 
test was used for statistical analysis. 

; Fur detection and typing of HPV. tissue sections were 
digested by Proteinase K, and DNA was extracted using the 
DNA Mini Kit (Qiagcn, Hilden. Germany) according to the 
manufacturer's instructions. To detect HPV DNA, a 2-ticrcd 
; polymerase chain reaction (PCR)-direct sequencing method 
was performed according to Fcoli-Fonseca ct aP with slight 
modifications. We used the general consensus primers 
GP5+/GP6+ and the MY09/MY1 1 primers for amplification of 
HPV DNA. Forty cycles of amplification were run with an 
initial denaturauon at 95°C for 5 minutes and for 30 seconds in 
each cycle. Temperatures of 37°C and 58 U C were set for 30 
seconds for annealing of the primer pairs GP5+/GP6+ and 
MY09/MY11, respectively. An extension step was done at 
72°C for 5 minutes. The integrity ofhuman genomic DNA was 
verified by PCR amplification of the pVglobin gene. This reac- 
tion served as a positive control. The amplification products of 
the 2 consensus printer pairs arid the ^-globiri PCR were run on 
a 2% agarose gel and stained with ethidium bromide. 

PCR products were purified using the High Pure PCR 
product purification kit (Roche Diagnostics, Mannheim, 
Germany) according to the manufacturer's instructions. The 
sequence of 1 strand of the purified PCR fragments was deter- 
mined with the Big-Dye Terminator sequencing kit (Applied 
Biosysiems, Fwster City, CA) using 3 u> 5 pmol of GP5+ or 
MY09 as the sequencing primers. The results of the 
sequencing reactions were analyzed on an ABI Prism 3 10 
automated sequencer (Applied Biosystems). The obtained 
sequences were compared with documented virus sequences 
available in the GenBank databank using the BLAST program 
(Blast, Pittsboro, NC). The high-risk group comprised HPV 
types 16, 18,31.33,35, 39,45.51,52, 56. 58, 59, 66, and 68, 
and the low-risk group included HPV types 6, 1 1 , 40, 42. 43, 
and 44. The Student r test was used for statistical analysis. 

Results 

GT.UTl -expressing epithelial cells were observed in 
squamous epithelial cells of normal and dysplastic cervical 
tissue probes. However, GLUT I expression in normal 
epithelial cells was limited to the basal cell layers fbuagc 
1AI. Staining intensity was wenk and varied in the basal 
compartment from a focal to homogeneous pattern distribu- 
tion. All 34 specimens obtained from benign cervical tissue 
were classified as weak or not marked. Compared with 
GLUT1 expression in the proliferative cell compartment in 
the basal cell layer, changes such as inflammatory ntypia, 



metaplasia, and hyperplasia showed similar GLUT I expres- 
sion patterns and also were classified as weakly marked. 

The intensity of GLUT I expression was unaltered from 
the HPV status. Of 14 HPV-positive specimens, 6 showed 
high-risk positivity and 8 showed low-risk positivity liable 11 

Erythrocytes and vascular endothelium served as 
internal positive controls and demonstrated strong GLUT I 
positivity. Simultaneous PAS staining of the epithelium 
revealed the glycogen content to be correlated inversely to 
the expression of GLUT) IFigure II. The glycogen staining 
was limited predominantly to the upper cell compartments, 
which contain the functional epithelium. In good agreement 
with these immunostaining results, in .situ hybridization 
showed GLUT1 messenger RNA (mRNA) expression to be 
present specifically in the basal epithelium llmage 1BI. 

In mildly dysplastic epithelium (n = 18). weak GLUT1 
expression was limited to the basal cell layers linage 1CI and 
■Image 1M, find in moderate dysplasia (n = 24). enhanced 
expression was extended to the basal and parabasal compart- 
ments. The GLUT I expression pattern was independent of 
HPV status. In C1N 1 lesions, 4 cases were in the lugh-risk 
HPV group, 6 were in the low-risk HPV group, and 8 were 
HPV-negative cases. Compared with benign cervical changes, 
significantly increased GLLT1 expression was observed in 
C1N I lesions llmuge 21. 

Strong GLUT I mRNA and protein expression was 
observed iu all 48 CIN 3 lesions of the cervix uteri llmage 
1E1 and (Image IFI. GLUT1 expression was continuously 
strong throughout the entire dysplastic epithelium, including 
the basal, suprabasal, and apical parts of the cervical epithe- 
lium. Of 48. CIN 3 lesions, 46 were HPV positive; 34 cases 
belong to the high-risk group and 12 to the low- risk group. 
No differences between the HPV type or status nnd GLUT1 
expression were observed. Only weak glycogen storage was 
observed in CIN 3 lesional tissue samples. 

Tumors with moderate dysplasia showed a high 
percentage of HPV positivity (high-risk HPV, 16 cases; low- 
risk HPV, 3 cases; HPV type not assignable, 2 cases; HPV- 
negative. 3 cases). The intensity of GLUT I protein expres- 
sion depended on the extent of dysplasia and was 
accompanied by inversely correlated glycogen content in the 
nondysplastic areas of the qjithelium (Figure 1 ). 

GLUT1 overexpression was demonstrated in all 94 
cases of invasive cervical carcinoma and all 22 cervical 
metastases llmage Id and llmage 1HI. The intensity of 
GLUT1 protein expression did not vary significantly 
between different rumor stages, the degree of tumor differen- 
tiation, or HPV status. A high-risk HPV type was detectable 
in 84 cases and a low-risk type in 8 cases. In 2 specimens, no 
HPV was detectable. 

GI..UT1 expression was observed predominantly at the 
tumor periphery compared with the center of wdl-differentiated 
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■Image II Glucose transporter {GLUT) 1 immunoreactivity with simultaneous periodic acid-Schiff (PAS) staining and GLI/T1 
messenger RNA (mRNA) silver staining in normal cervical epithelium (A, GLUT1 and PAS. x200; B. GLUT1 mRNA and silver : 
staining, x200), cervical intraepithelial neoplasia (CIN) 1 lesions (C. GLUT1 and PAS, x200; D, GLUT1 mRNA and silver staining. 



tumor areas. By FAS staining, we found an accumulation of 
glycogen in well-differentiated tumor areas, which was 
correlated inversely with CLUT1 expression. A similar 
distribution pattern was found in the lymph node metastases. 
■Figure 21 illustrates the result* of GLLTl mRNA in situ 
hybridization. The intensity of the specific silver staining 
correlated significantly with the extent of cervical dysplasia 
and showed similar levels in CIN 3 lesions and cervical 
carcinoma. Ovcrcxprcssion of mRNA was limited to 
dysplastic cells and matched the patterns of GLUT1 protein 
distribution revealed by irnniuuohistochemical analysis. 

Immunostains for GLUT2. GLUT3, and GUIT4 were 
negative in epithelial cells of both benign and dysplastic 
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lesions. Only inflammatory cells reacted with the antibodies 
and served as an internal positive control. In the advanced 
and poorly differentiated tumors, there was a pattern of 
expression similar to that in the dysplastic precursor lesions. 

Discussion 

Based on numerous molecular and epidemiologic 
studies, it has been demonstrated that specific types of HPV 
(high-risk HPVs. but also to a lower extent tow-risk HPVs) 
can be detected in a transcriptionally active form in about 
95% of cervical cancer biopsy specimens. 24 Although the 
high-risk HPV -encoded oncogenes Ii6 and E7 induce 
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x200), CIN 3 lesions (E, GLUTl and PAS. x200: F. GLUT1 mRNA and silver staining. x200). and cervical cancer (G, GLUT1 and 
PAS, x200; H, GLUTl mRNA and silver staining, x200). Expression of GLUTl mRNA and protein in normal epithelial cells was 
limited 1o the basal proliferative cell layers, whereas PAS staining was restricted to the upper cell compartments. In the CIN 3 
lesions and cervical carcinoma, strong expression of GLUT1 mRNA and protein was observed. 
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■Figure II Glucose transporter (GLUT) 1 protein expression 
(black bars) and cellular glycogen content (gray bars) in 
benign and dyspiastic cervical epithelium. The immuno- 
reactivity of GLUT1 was associated strongly with the degree 
of dysplasia and correlated inversely with the cellular 
glycogen content .However, cervical intraepithelial neoplasia 
(CIN) 3 and cervical cancer showed equivalent levels of 
strong GLUT1 overexpression. ' P < .01. 1 P< .001 * In the 
center of weli-differentiaied cervical cancer, mild periodic 
acidr-Schiff-positive staining was observed. 



cellular immortalisation, 2 ? their expression alone is not suffi- 
cient to cause* malignant transformation. 26 Additional events 
must accumulate to convert a cell toward malignancy and to 
induce cervical cancer. It has been shown thai the course of 
malignant disease not only is the result of failing intracellular 



and immunologic surveillance mechanisms" but also is 
determined by efficient blood vessel formation to support the 
outgrowing tumor with nutrients, hormones, and oxygen. 28 
Many tumorigenic cells are characterized not only by 
increased mitotic rates but also by high catabolic utilization 
of glucose and an increased number of specific glucose 
transporters. l,M A sufficient intracellular glucose supply 
mediated by glucose transporters seems to be a prerequisite 
for enhanced HPV transcription and the expression of the E6 
and E7 oncoproteins. In cell culture experiments using 
cervical cancer cells, specific suppression of the HPV 18 
transcription was found by adding the glycolytic pathway 
inhibitor 2 L <leoxy glucose.' 0 

Our results demonstrate that human cervical carcinomas 
and their metastases selectively overcxpress GLUT1. In benign 
cervical epithelium, moderate GLUT1 expression was restricted 
to the proliferating basal cell layers of the mucosa and changes 
such as inflantmatdry or squamous atypia, immature meta- 
plasia, or basal cell hyperplasia. These findings are in line with 
the differentiation-related expression pattern of GLUT! in 
normal human epidermis, in which GLUT! is expressed in the 
basal layer and, to a lesser extent, in the immediate supiabasal 
layer of the epidermis.- 11 GLUT1 mRNA expression precisely 
coincided with protein overexpression in normal epithelium, 
cervical dysplasia, and invasive cancers. These findings strongly 
suggest thai the increased GLUT! expression in cervical 
neoplasms is mediated by transcriptional mechanisms. 

In vitro studies on fibroblasts transfected wiih ivs and srr 
oncogenes revealed elevated levels of GLUT1 expression and 
an increase of transmembranous glucose transport. 10 These 




■Image 21 Glucose transporter (GLUT) 1 protein immunoreactivity in cervical intraepithelial neoplasia 1 dysplasia (A, x200) vs 
reparative cervical changes (B, x200). The staining intensity of GLUT1 in low-grade dysplasia was increased markedly 
compared with the benign specimen. B. The arrow shows GLUT1 staining of erythrocytes, which serve as an internal control 
for GLUT 1 positivity. 
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results suppon our present findings indicating diat GLUTl over- 
expression parallels malignant hTUisformation of cervical epithe- 
lial cells. However, the regulatory mechanisms of GLUT I 
induction are, so far. poorly understood. Tumor hypoxia might 
be a key step tor up-regulation of GLUT1 transcripts. 32 

However, we have observed overexpression in preneo- 
plastic lesions. This might suggest direct oncogene-rriggered 
mechanisms as potential factors for GLUT I up-rcgulation. 
VGI-UTl expression was not correlated with the HPV status 
or type in cither benign or dysplastic cervical epithelium. 
High-risk HFV types were detectable predominantly in C1N 
2 and 3 lesions and invasive cervical cancer and had good 
correlation with the dysplastic stage. Ail high-risk HPV- 
infectcd CIN 2 and 3 lesions and carcinoma showed 
enhanced GLUTl expression. There is certain evidence that 
these cases are associated with virus transcription and the 
expression of E6 and E7 oncogenes. 24 An enhanced cellular 
glucose supply mediated by an increasing number of GLUTl 
transporters could be a requirement for successful HPV- 
dependent malignant transformation. 

Our results indicate that the clinical observation of an 
: increased glucose uptake of cervical cancer cells was related 
to an exclusive transmembranous overexpression of GLUTl. 
These data strongly suggest that the observed rclaiiunship 
between increased GLUTl expression and the intracellular 
accumulation of 2-fluoro-deoxy-D-glucose (HDG) in tumor 
cells represents the biologic basis for diagnosis using fluo- 
rine 18-labelcd FDG PET. 20 - 33 Enhanced expression of 
GLUTl was detected already in moderate cervical dysplasia 
and much more in carciwjma in situ. In these preneoplastic 
lesions, the staining pattern of GLUTl expression was 
stronger than in normal or mildly dysplastic mucosa and 
extended into the superficial cell layers depending on the 
degree of dysplasia. The observation that the preneoplastic 
lesions with increased GLUTl expression were not detected 
by PGT analysis may be explained by the small dimension of 
the epithelial dysplasia and die limited resolution of PET. 

We also analyzed the cellular glycogen content to deter- 
mine whether alterations in glucose uptake are linked to 
tumor-associated changes in the storage of this polysaccha- 
ride. The glycogen content was of special interest because 
the presence of glycogen is known to be related to cellular 
maturation of squamous epithelium and disappears with loss 
of differentiation during neoplastic transformation. 6 In the 
present study, glycogen was found only in nondividing cells 
of the superficial layers of the benign cervical epithelium, 
whereas the basal layers did not contain glycogen (Image 
1A). The glycogen content in normal and preneoplastic 
lesions generally correlated inversely with GLUTl expres- 
sion, exhibiting intense glycogen storage in normal and 
reduced or absent storage in dysplastic epithelium. Thus, 
reduction of glycogen content was related closely to the 
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■Figure 21 Glucose transporter (GLUT) 1 messenger RNA 
(mRNA) expression in the proliferative compartment of the 
benigni cervical epithelium (hatched bar) and in dysplastic 
epithelium {black bars). The gray bars represent the relative 
intensity in the functional cell compartments. GLUT1 mRNA 
expression in cervical epithelium correlated significantly with 
the degree of dysplasia. ' P< .01. 1 P< .001. CIN, cervical 
intraepithelial neoplasia. 



degree of dysplasia and was associated strongly with 
increased GLUTl expression. 

The observed storage pattern or glycogen was correlated 
inversely with the extension or the proliferation compartment 
and is in line with previous observations showing an association 
between glycogen content and tumor cell development, as well 
as differentiation in .squamous cell carcinoma tumorigenesis. 3 * 
This cellular feature reflects the growing and metastasizing 
potency of cervical carcinomas, as increased utilization of 
glucose is a necessary condition of growing tumors and may be 
the patnophysidogic basis for induction of glucose transporter 
protein expression in the cell membrane. The lack of expression 
in benign cervical tissue and in the well-differentiated center of 
some cervical tumors gives rise to the assumption that GLUTl 
expression might be regarded as a characteristic feature of 
tumor cell clones with an increased energy requirement 

fu contrast with data from colon 35 and non-small cell 
pulmonary carcinoma, 1 * no correlation between GLUTl 
expression and prognostic clinicopathologic features was 
found in the present study. Tliis difference can be explained 
easily, since significant overexpression of GLUTl is 
observed in premalignant cervical lesions and well-differen- 
tiated carcinomas. We, tlierefore. believe that GLUTl over- 
expression is an early event in the development of cervical 
carcinomas. Our findings also may have substantial implica- 
tions for the potential therapeutic application of cytotoxic 
agents conjugated to glucose in the treatment of premalig- 
nant or malignant cervical lesions. Further studies are 
required in explore whether this strategy will lead to more 
specific drug delivery to the neoplastic cell compartment. 
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' Protein levels, mRNA expression, and localization 

■ of laminin al and a2 chains in development and in 
adult mice were examined. Recombinant fragments 

; were used to obtain high-titer-specific polyclonal an- 
tibodies for establishing quantitative radioimmuno- 
||inhibition assays. This often demonstrated an abun- 
dance of «2 chain, but also distinct amounts of al 
chain for adult tissues. The highest amounts of «1 
:;Were found in placenta, kidney, testis, and liver and 
s exceeded those of «2. All other tissue extracts 
; showed a higher content of «2, which was particu- 
larly high in heart and muscle when compared to al. 
~ Content of yl chain, shared by most laminins, was 
also analyzed. This demonstrated yl chain levels be- 
i'Jing equal to or moderately exceeding the sum of al 
• ; ahd a2 chains, indicating that these isoforms repre- 
sent the major known laminin isoforms in most adult 
mouse tissues so far examined. Moreover, we found 
tfgood correlation between radioimmuno-inhibition 
(■data and mRNA levels of adult tissues as measured 
||by quantitative real-time reverse transcriptase- 
£PCR. Embryonic tissues were also analyzed by ra- 
||d.ipinununo-inhibition assays. This demonstrated for 
gjday 11 embryos comparable amounts of al and yl 
:,and a more than 25-fold lower content of a2. This 
.content increased to about 10% of al in day 13 em- 
|Xbryos. The day 18 embryo showed in heart, kidney, 
and liver, but not yet in brain and lung, al/a2 chain 
^ratios comparable to those in adult tissues. Immuno- 
j 'staining demonstrated al in Reichert's membrane 
S^day 7,5), while o2 could not be detected before day 
i:.;ll;6. These data were compared with immunohisto- 

■ chemical localization results on several more embry- 
onic and adult tissue sections. Our results regarding 
; localization are consistent with those of earlier 
,,work with some notable exceptions. This was in 
; part due to epitope masking for monoclonal antibod- 
Ill9 a commonly used in previous studies in esopha- 
gus, intestine, stomach, liver, kidney, and spleen. 
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INTRODUCTION 

Basement membranes separate dissimilar cell typeB 
and thus compartmentalize almost all tissues. They 
are thin sheets of extracellular matrix whose main 
components are type IV collagen, nidogen, sulfated 
proteoglycans, and laminins [1, 2]. Laminins are found 
in all basement membranes, but also in embryonic 
mesenchyme and loose connective tissue. Laminin-1, 
with the chain composition al/31yl, was initially dis- 
covered and purified from the Engelbreth-Holm 
Swarm tumor [3] and from cultures of teratocarcinoma 
cells [4]. Another protein initially named merosin was 
found in tissue extracts from placenta [5) and was 
subsequently shown to be a second laminin a chain, 
named a2 16]. Subsequently it was realized that the 
laminins are a family of proteins. All native laminins 
identified so far are composed of one a, one fi, and one 
y chain and 12 different heterotrimers have been pro- 
posed based on five a, three p, and three y chains [1, 7J. 

In vitro studies have indicated that laminins medi- 
ate a variety of biological functions. First they form a 
self-assembling structural network to which other 
components of the basement membrane attach [8]. Sec- 
ond, they attach cells to the extracellular matrix via 
a-dystroglycan [9, 10] and integrin receptors [11]. 
Third, they convey information to the cell interior via 
these receptors, as exemplified by mesenchymal to ep- 
ithelial transitions in kidney [12], myogenesis in skel- 
etal muscle [13, 14], and outgrowth of neurites [15]. 
Studies of mutated genes as well as gene targeting 
experiments have indicated different functional roles 
for the different laminins [7J. 

Laminin al and a2, with lengths of about 3000 res- 
idues, have an identical modular structure when com- 
pared to all other known a chains [7, 16]. They share in 
their N-terminal LN modules (domain VI) binding sites 
for al/Sl/o&Sl integrins, heparin, and self-assembly 
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sites [17-20]. Different C-terminal LG modules of both 
chains, however, participate in binding of other pi 
integrins, a-dystroglycan, heparin, and sulfatides [7, 
21, 22]. A unique property of the a2 chain includes 
binding of a phenolic glycolipid at the surface of Myco- 
bacterium leprae through a2LG5, which promotes en- 
try of the pathogen into Schwann cells [23]. A further 
difference is proteolytic processing of the al chain mod- 
ule LG3, which modulates a-dystroglycan binding [24], 
while the al chain is not processed. 

Other potential differences may exist in the function 
of both a chains, as suggested from light microscopy 
tissue localization studies based on several monoclonal 
and polyclonal antibodies and from mRNA analyses. 
The al chain is apparently the first laminin a chain 
produced at early preimplantation stages during devel- 
opment [25] and becomes deposited in many epithelial 
tissues during organogenesis [26]. This changes to a 
more restricted distribution in adult mouse and human 
tissues [27, 28]. The a2 chain presumably does not 
appear before day 11 of mouse development, but then 
becomes prominently expressed in skeletal and heart 
muscle, several epithelial tissues, peripheral nerves, 
and various blood vessels [29-31]. In addition, a few 
immunogold stainings have shown that laminins con- 
taining al [32] and «2 chains [33] are deposited in 
basement membranes of kidney and muscle and of 
capillary walls and thus .in a proper position for bind- 
ing to cellular receptors. 

In the present study we have used several recombi- 
nant fragments of mouse laminin al and a2 chains in 
order to obtain specific polyclonal antibodies for estab- 
lishing quantitative radioimmuno-inhibition assays. 
This often demonstrated an abundance of a2 chain, but 
also distinct amounts of «1 chain for adult tissues and 
good correlation to mRNA levels measured. However, 
some different patterns were observed for embryonic 
tissues and cultured cells. These data were compared 
with immunohistochemical localization on tissue sec- 
tions and provided a comprehensive overview of the 
deposition of both chains during development and 
adult stages. 

MATERIALS AND METHODS 

Recombinant proteins and antibodies. The recombinant mouse 
laminin fragments crlVI/V [20], al L.G4 [211, «2LGl-3 and a2tX}4-5 
[34], and n4LGl-3 aud «4LG4-5 [33] were previously described. 
Novel -mouse la minin fragments included a2WV (positions 1-513 
[161), «3B WV (positions 1-468), and aSVW (positions 1-480), the 
latter two including a complete N-terminal sequence recently depos- 
ited in the data bank (AJ293592, AJ293593). The coding sequences 
were amplified by RT-PCK using mouse RNA from heart (f«2), epi- 
dermal Pam 212 cells (ot3B), and embryonic endothelial cells <re5) and 
inserted into the episomal expression vector pCEP-Pu by using ap- 
propriate restriction sites in front of the signal peptides and after the 
stop codon [35). Transfcctod human 293-EBNA cells were then used 
to obtain serum-free conditioned medium for purification. This was 



accomplished by a combination of heparin affinity and molecular 
sieve chromatography (o2) or by DEAE-cellulosc and molecular 
sieve chromatography (a3B, a5) following standard protocols [20, 
36). The purified recombinant fragments showed a single N-terminal 
sequence and the expected shapes after rotary shadowing electron 
microscopy [37 1. 

Rabbit antisera against alWV [20] and against a2LGl-3 and 
cv2LG4-5 [34] have been previously described. Rat monoclonal anti- 
bodies (Mab 198 and 200) against mouse laminin- 1 fragment E3 [38] 
were recently shown to bind to the urlLC-4 module [21]. A rabbit 
antiserum against mouse a2Vl/V was generated following standard 
protocols. 

Tissue extracts and cell cultures. Tissues from adult and embry- 
onic mice and mouse EHS tumor [39] were extracted with Tris 
buffer, pH 7.4, containing 10 mM EDTA (16 h, 4'C) followed by the 
same buffer containing in addition 1% Nonidet P-40, 0.5% deoxy- 
cholate, 1% SDS (4 h, 4°C) [40]. This was followed for a few tissues by 
a stepwise treatment with heparatinase and chondrbitinase ABC 
under conditions optimal for removal of glycosaniinoglycans from the 
basement membrane proteoglycan perlecan [36]. Final digestions 
were performed with bacterial collagenase (0.5 mg/ml) in neutral 
buffer containing 1 mM CaCl* and Perabloc [40] followed by pepsin 
(0.1 mg/ml) in 0.1 M acetic acid at 16°C (22 h). 

Serum-free conditioned medium (24 h) was collected from cells 
grown to near confluency and cell lysates were prepared by extrac- 
tion with 1 ml of detergent. Mouse epidermal Pam 212 and embry- 
onic PYS-2 cells and rat Schwannoma RN22 and Rugli glioma cells 
were those used previously 141,-42]. The mouse embryonic carcinoma 
cell line F9 was used prior to and after stimulation with dibutyry! 
cAMP and retinoic acid [43]. The mouse endothelioma cell line 
eEnd.2 was kindly supplied by Dr. E. Wagner [44]. Endothelial 
progenitor cells from day 7.5 mouse embryos [45] and the endothelial 
IBE cell line derived from mouse brain [46] were provided by Dre. A. 
Hatzopoulos and L. Claesson-Welsh, respectively. Fibroblasts and 
myoblasts from adult mice were a gift of Dr. U. Mayer. 

Immunochemical assays. Specific radioimmuno-inhibition as- 
says for recombinant laminin fragments orlVT/V [20], alLG4 (21], 
and 71III3-5, here using an antiserum against laminin fragment PI 
[47], have previously been described. The same procedure was used 
to establish assays for fragments r»2VI/V, o2LGl-3, and a2LG4-5 
[48]. EUSA assays 121] and immunohlotting of reduced antigens [49] 
followed standard protocols. 

Quantitative real-time reverse transcriptase-PCR. Total RNA 
was isolated as described 150]. To analyze mRNA levels of laminin al 
and ur2, quantitative reverse transcriptase (RT)-PCR with sequence- 
specific hybridization probes (TIB Molbiol, Berlin, Germany) was 
performed on a LightCycler (Roche). Total RNA was transcribed into 
cDNA using oligofdTJim primera and Superscript II Reverse Tran- 
scriptase (Gibco) according to the manufacturer's instructions. In 
order to ensure that equal amounts of starting material were used, 
analyses with GAPDH primers were run in parallel. The primer 
pairs (TIB Molbiol) used were the following: for laminin al, TGTAG- 
ATGGCAAGGTGTTATTTCA and CIGAGGCAGITCIXJTTTGATGT, 
for laminin «2, TGTCCTGCGGATTCTGTATGTC and CAAGAAG- 
CTCCAATCCAACTTT; for GAPDH, TTGTCAGCAATGCATCCTGC 
and CCGTTCAGCTCTGGGATGAC. The probes used were the fol- 
lowing: for laminin al, the fluorescein-labeled probe CTGAAAGC- 
CCCCACACCCATTCCA and the LightCycler-Red-640-labeled probe 
TCGGCAGACACCAACGATCCCATTTA; for laminin or2, the fluores- 
cein-labeled probe ACCTCCAGCTTTCACGTTGGGACAT and the 
LightCycler-Red-640-labelcd probe CTTTGCGAATGCAGAGAGT- 
GGGACTT; for GAPDH, the fluorescein-labeled probe CACCCA- 
GAAGACTGTGGATGGCCCCT and the LightCycler-Red-640-la- 
beled probe TGGAAAGCTGTGGCGTGATGGCCG. Standard curves 
were obtained for each Bet of probes with serial dilutions of DNA. 
LightCycler software was used to generate amplification curves. The 
number of cycles (n) corresponding to where the fluorescence signal 
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FIG. 1. SDS-gel electrophoresis of purified recombinant frag- 
ments from the N-terminal region of mouse laminin a chains. The 
lanes were loaded with fragments alWV (1), o2WV (2), u3BVI/V 
(3), and aSWV (4). The run was calibrated with marker proteins 
denoted at the left margin in kDa. 



(amplification of DNA) becomes logarithmic was used to calculate 
relative amounts of mRNA by the formula 2 (4 "' > where An = n amK - 
■ rihmiuu- Each increase in An by 1 equals a twofold increase in specif- 
ically amplified mBNA. * 

Immunohistochemistry. Staining of cryoscctions with antibodies 
. was performed as follows. Sections were washed in phosphate-buff- 
ered saline (PBS) and blockod with 1% BSA in PBS for 30 min at 
room temperature. Antibody solutions were applied followed by a 1 -h 
incubation at BT. Slides were washed in PBS/BSA and secondary 
antibodies coupled to a fluorochronie.(Cy2/Cy3; Jackson ImmunoRe- 
search Lab. Inc., West Grove, PA) were used for detection. Paraffin- 
embedded sections were dowaxed with xylene and rehydrated 
through a downgraded ethonol scries. Sections were treated with 
Protease XXIV (Sigma) (20 jtg/ml) at RT for 20 min, incubated with 
primary antibodies as above, and subsequently stained using the 
Vectastain ABC elite kit (Vector Laboratories Inc., Burlingame, CA) 
following the manufacturer's instructions, rinsed again, stained with 
hematoxylin, and counterstaincd with eosin. Affinity-purified rabbit 
antibodies were used at 5 ng/ml and monoclonal antibodies nt 10 
MflAnl throughout these Btudies. To rule out unspecific binding of 
antibodies to tissue sections, antibodies were preincubated (24 h, 
4°C) at a 1:4 ratio with the recombinant proteins against which they 
were made. After such preincubations no staining was evident, also 
indicating the specificity of the antibodies in immunnhistology. 

RESULTS 

Specificity and Versatility of Antibodies against 
Recombinant Fragments of Laminin al and a2 
Chains 

Recombinant production in human 293 or 293-EBNA 
cells was used for several fragments of mouse laminin 
a chain in order to assure their proper folding and 
secretion into serum-free culture medium as demon- 
strated in several previous studies [20, 21, 34). They 
. included the N-tenninal fragments alVI/V and aZVW 
from the al and a2 chains, respectively, consisting of 
one LN module (domain VI) and four LE modules from 
domain V and of one LN and three LE modules in 
fragments a3BVI/V and aSVI/V. They were all ob- 



tained in a highly purified form after conventional 
chromatography, as demonstrated by SDS-gel electro- 
phoresis (Fig. 1). Further fragments studied included 
orlLG4, a2LGl-3, and <i2I,G4-5 derived from the C- 
terminal region of the al and a2 chains [21, 34]. 

These ol and a2 chain fragments were used to pro- 
duce rabbit antisera of high titers in ELISA and radio- 
immunoassays (1:5000 to 1:20,000) against the anti- 
gens used for immunization and insignificant cross- 
reactions (titer < 1;100) for homologous fragments from 
the other chain isoform. In addition we used rat mono- 
clonal antibodies against mouse alLG4-5 [38], which 
did not cross-react with a2LG4-5 and a4LG4-5 (Fig. 
2). Furthermore, it was possible to establish specific 
and sensitive radioimmuno-inhibition assays useful for 
quantitative analyses, as shown for fragments a2VW 
and a2LGl-3 (Fig. 3). The a2VW assay could be in- 
hibited by 50% at low concentrations of a2VI/V (lCsg = 




10" 10 J 
Antibody dHution 

FIG. 2. ELISA titration of affinity-purified antibodies (A) and a 
rat monoclonal antibody (B) against laminin al and «2 chain frag- 
ments. The antibodies used were against alVW (open symbols) and 
o2VW (closed symbols) in (A) and mAb 200 in (B). Antigens used in 
(A) were recombinant <»1VT/V (C, •) and t»2VI/V (□, ■) and in (B) 
olLG4-5 (O), «2TXM-5 (O), and a4LG4-5 (V). No binding was ob- 
served with or3BVI/V, a5Vl/V, and q3LG4-5. The antibody concen- 
trations were in the range 0.6-1.0 mg/ml. 
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Sample dilution 
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10- 10" 
Inhibitor (nM) 

FIC. 3. Radioinununo-inhibition assays specific for N-terminal 
(A) and C-terminal (B) fragments of laminin a'l chains. The assays 
consisted of a 12o I- labeled (1 ng/0.4 ml) fragment a2VW (A) or 
a2LGl-3 (B) and a fixed dilution of the corresponding rabbit anti- 
scro. Inhibitors of the binding in (A) were fragments i*2VT/V (•), 
alVI/V (■), aSVUV (A), and <r5VI/V (▼) at the concentrations indi- 
cated and a mouse kidney EDTA extract (♦) used at the dilutions 
shown on top. Inhibitors in (B) were a2LGl-3 (O), o2LG4-5 (□), 
laminin fragment E8 containing alLGl-3 (A), and mouse testis 
EDTA extract (V). 



0.01 nM), while 10,000-fold higher concentrations of 
ralVI/V, a2BVI/V, and a5VI/Vhad no effects (Fig. 3A). 
A similar assay for a2LGl-3 had a lower sensitivity 
(ICso = 0.5 nM) but was not inhibited by 200-fold 
higher concentrations of o2LG4-5 and alLGl-3 (Fig. 
3B). However, both assays could be clearly inhibited by 
mouse tissue extracts showing the same dose-response 
profiles as the reference inhibitors (Fig. 3), indicating 
that «2-chain-containing laminins in these extracts 
have the same affinity for the antibodies as the recom- 
binant fragments .148}. A similar specific assay was 
established for fragment a2LG4-5 with IC M = 0.2 nM, 
which could not be inhibited by a 100-fold excess of 
u2LGl-3 or alLG4-5 (data not shown). Further radio- 



immuno-inhibition assays used were described previ- 
ously 120, 21], including fragments alVI/V (ICso = 0.2 
nM) and <*1LG4 (IC S0 = 0.1 nM), which could be inhib- 
ited in an equivalent manner by laminin-1 (al/31yl) 
and as demonstrated now by mouse tissue extracts, 
while the corresponding a2 chain fragments were in- 
active (ICoo > 20 nM). The various antibodies were also 
useful in analyzing reduced tissue extracts and dem- 
onstrated characteristic 300- and 80-kDa bands in 
adult mouse heart and skeletal muscle by anti- 
a2LGl-3 (Fig. 4), consistent with previous observa- 
tions of an internal proteolytic cleavage within the 
(*2LG3 module [34]. The «1 -chain-specific antibodies 
blotted only a 400-kDa band, indicating lack of proteo- 
lytic modification. However, antibodies against alVI/V 
and a2VW did not react with «1 and «2 chains after 
reduction^ They were therefore examined by immuno- 
precipitation followed by immunoblot analysis with an- 
tibodies against alLG4 and or2LGl-3 (Fig. 5). This 
demonstrated in kidney extracts a single 400-kDa al 
chain and two a2 chain bands of about 300 and 70-80 
kDa, as shown for muscle (Fig. 4). Only the «2 chain 
bands could be detected in lung extracts, reflecting the 
low content of al chain as determined by radioimmu- 
noassay (Table 2). 

Contents of Protein and mRNA Expression of al and 
a2 Chains in Adult Mouse Tissues 

In order to exploit the quantitative analysis of tissue 
extracts as indicated from radioimmuno-inhibition as- 
says, it was initially important to identify appropriate 
solubilization conditions. Previous studies with the 
EHS tumor have shown that almost all of laminin-1 
could be solubilized by EDTA-containing neutral buffer 
followed by a denaturing solvent [51]. We have now 
used the EHS tumor and adult muscle and kidney, 
which, after extraction with EDTA and detergent, were 
subsequently digested to remove glycosaminoglycans 
followed by treatments with bacterial collagenase and 
pepsin, which essentially solubilized all of the tissues. 
Analyses of these extracts by radioimmuno-inhibition 
assays (Table 1) demonstrated that 71-92% of al and 
o2 chains were already dissolved in the first two ex- 
tracts. Similar distribution and total yields were also 
observed for laminin yl chain based on a recombinant 
fragment that is stable against pepsin digestion [47]. 

A larger number of tissues was then analyzed by 
alVI/V and a2VI/V assays after extraction with EDTA/ 
detergent or EDTA alone (Table 2). The highest 
amounts of al chain were found in placenta, kidney, 
testis, and liver and exceeded those of the a2 chain. All 
other tissue extracts showed a higheT content of a2 
chains, which was particularly high in heart and mus- 
cle when compared to that of al. Extracts of the EHS 
tumor, which produces only basement membranes and 
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FIG. 4. Tmnuinoblot of mouse tissue extracts with affinity-puri- 
fied rabbit antibody against a2LGl-3. Reduced EDrk extracts from 
heart (lane 1) and skeletal muscle (lane 2) were separated hy SDS- 
gel electrophoresis and tho run was calibrated with marker proteins 
denoted in kDa at the left margin. The prominent hand of 70-80 kDa 
connisfca of <y2LG4-5 with some part of the a2LG3 module [34] and is 
completely released from the a2 chain, which then migrates as a 
300-kDa component. 



no other extracellular tissue [39], yielded as expected 
the highest amounts of al chain (7620 pmol/g), in good 
agreement with previous biochemical data (6720 
pmol/g; 151]). for a further validation of these data we 
used in addition several more radioimmuno-inhibition 
assays specific for LG fragments from the C-terminal 
region of the laminin al and a.2 chains (Table 2). This 
demonstrated a good agreement between «1 VI/V and 
alLG4 assays for heart, muscle, kidney, testis, and 
brain. A reasonable agreement within the usual vari- 
ability of such assays (20-30%; [48]) was also found, 
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FIG. 5. Immuhoblot detection of laminin nl and «2 chains after 
immunoprecipitation of mouse kidney and lung extracts. Detergent 
extracts of adult kidney (lanes 1, 2) and lung (lanes 3, 4) were 
immunoprccipitaLed with purified antibodies against ctlVI/V (lanes 
1, 3) or u2VW (lanes 2, 4) and after SOS-gel electrophoresis of the 
precipitates under reducing conditions blotted with purified antibod- 
ies against c*lLG4 (A) or a2LGl-3 (B). The asterisks denote the 
immunoglobulin heavy chain 50- and 100-kDa bands reacting with 
the secondary anti-IgG antibodies. Only these bands are seen if the 
blotting antibodies are omitted (not shown). 



except for kidney between a2VI/V and a2LGl-3 as- 
says. With an assay specific for a2LG4-5 some twofold 
higher amounts were detected in muscle and heart 
compared to the a2LGl-3 assay. This apparently re- 
flects some higher solubility of the C-terminal a2LG4-5 
structure, which in these tissues is already completely 
released by proteolysis (Fig. 4). All these tissue ex- 
tracts were also analyzed by the vl chain assay (Table 
1 and data not shown) which is shared by most Iami- 
nins, including those containing al and a2 chains [7]. 
This demonstrated vl chain levels being equal to or 
moderately exceeding the sum of al and «2 chains, 
indicating that these isoforms represent the major 
laminins in adult mouse tissues so far examined. 
Previous studies by RNase protection assay demon- 
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TABLE 1 

Amounts of Laminin yl, al, and u2 Chain Solubilized by Succcsivc Extractions from Mouse Tissues 

Percentage of total extractable 



EHS tumor 



Skeletal muscle 



Kidney" 



Extraction step 


yl II] 


al VI/V 


y\ III 


ctf Vl/V 


al VI/V 


a2 VT/V 


EDTA 


68 


79 


65 


67 


58 


54 


Detergent 


21 


13 


14 


19 


13 


22 


HS/CS 


3 


3 


10 


7 


11 


8 


Collagenase 


7 


5 


11 


6 


18 


16 


Pepsin 


1 


n.d. 


<1 


n.d. 


. n.d. 


n.d. 


Total (pmol/g) 


7821 


8250 


153 


110 


87 


24 



m. 



mm 



Note. The extracts- were obtained by neutral buffer containing EDTA, followed by detergent and digestions with heparitinase/chondroiti- 
nose (HS/CS), bacterial collagenase, and pepsin. Contents were determined by radioimmuno-inhibition assays! specific for recombinant 
fragments of the three laminin chains. n.d., not determined. 

" The total content in the -villi assay was 167 pmol/g. 
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FIG. 8. Immunofluorescence staining of cryosectaons from adult mouse tissues and evidence for epitope ma eking in (A-C) lower 
esophagus, (D-F) intestine, (G-D kidney, (K-M) spleen. Double stainings were done with mAb 200 (B, E, H, L) reacting with laminin alLG4 
and polyclonal rabbit antibody against laminin o2VI/V (C, P, I, M) and staining of consecutive sections with polyclonal rabbit antibody 
against laminin alV I/V (A, D, G, KJ. In these tissues no staining for laminin al could be detected with mAb 200 or in kidney only in a subset 
of tubuli (H). With a polyclonal antibody against alVT/V staining of laminin al could be detected in the epithelial basement membrane of 
lower esophagus (A), the crypt of intestine (D), in glomerular basement membranes (arrowheads indicate glomeruli) and along tubuli of 
kidney (G), and in spleen (K). JLaminin a2 was readily detected in the smooth muscle layer of lower esophagus (C) and intestine (F), the crypt 
basement membrane, blood vessels surrounding the digestive tract and blood vessels of villi (F), and kidney (I). Laminin «2 was also detected 
in kidney glomeruli (I) and in spleen (M). Bar, 100 urn. 



rectcd against domain VT/V of al chain (not shown), 
whereas «2 chain was seen only in maternal tissue 
surrounding the placenta (Fig. 6B). Later in embryonic 
development both isoforms could be detected around 
neural tissue. At 11.5 days of development both al and 



a2 chains were expressed in basement membranes sur- 
rounding spinal cord (Figs. 6C and 6D) and in the 
meninges. At higher magnification it was possible to 
see how blood vessels growing into the brain stained 
positive for o2, whereas no staining for al could be 
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TABLE 4 



Amounts of Laminin <vl and a2 Chain Determined by 
KadioimmuQO-inhibition Assays in Embryonic Tissues 



Content (pmol/g wet tissue) 
in assay for 



Tissue extract (day) 



al VI/V 



«2VI/V 



y\ ITT 



Embryo a I) 


25 


<1 


16 


Embryo (13) 


28 


3 


21 


Body (18)" 


<0.3 


25 


36 


Brain (18) 


6 


2 


2 


Heart (18) 


<0.5 


17 


30 


Kidney (18) 


127 


20 


H4 


Liver (18) 


6 


2 


15 


Lung (18) 


13 


12 


66 



Note. All tissues were extracted by EDTA followed by detergent. 
' Remaining tissues after removal of (he orguns listed below. 

detected in these blood vessels (Figs. 6E and 6F). Apart 
from meninges,' the only other area in day 11.5 em- 
bryos where expression of both isoforms could he de- 
tected was skin. Endocardial cusliion tissue and pri- 
mordial heart were negative for both laminin isoforms 
(not shown),, whereas dorsal aorta stained positive for 
a2 chain, but negative for al chain (Figs. 6G and 6H). 
In the digestive system, exemplified by stomach, al 
was detected in basement membranes underlying epi- 
thelial cells, as was a very faint expression of a'2 (Figs. 
61 and 6K). In mesonephros al chain staining could be 
seen, but only very weak staining for a2 was detected 
(Figs. 6L and 6M). Overall, epithelial structures ex- 
pressed laminin a 1 at an early stage, whereas laminin 
a2 was expressed in the vicinity of blood vessels at this 
stage. 

Adult mouse tissues were double stained with rnAbs 
against laminin al chain (198, 200) and polyclonal 
antibodies against laminin a2 chain (domains VW or 
LGl-3). In some organs, here exemplified by liver, the 
monoclonals directed against alLG4 did not stain un- 
der immunofluorescence (Fig. 7A), but when tissues 
were pretreated with protease for immunohistochem- 
istry we saw staining (Fig. 7D). Single staining with 
polyclonal antibodies directed against domain VW of 
ul chain (Fig. 7B) as well as immunofluorescence 
staining using monoclonals directed against alLG4 af- 
ter protease pretreatment (Fig. 7C) were made to as- 
certain if epitope masking occurred. Both staining pat- 
terns were in agreement with immunohistochemistry 
data. We therefore conclude that epitope masking of 
larninin alLG4 occurs. 

In liver, al chain was seen along sinusoids in the 
space of Disse (Figs. 7B-7D). This is interesting since 
the sinusoidal lining cells are an endothelium contin- 
uous with the endothelium of the central vein. This 
would be one of the few endothelia where laminin «1 is 



expressed. Laminin a2, on the other hand, was seen 
only along blood vessels in Over (Figs. 7E and 7F). 
Organs other than liver where we found evidence for 
epitope masking were esophagus, intestine, kidney, 
spleen (Figs. 8A-8M), and stomach (not shown). In 
those organs we could detect al chain in immunofluo- 
rescence with a polyclonal antibody directed against 
alWV. In the digestive system no laminin al could be 
detected with monoclonal antibodies directed against 
the G domain (Figs. 8B and 8E). However, when using 
antisera directed against domain alVi/V, epithelial 
basement membranes of lower esophagus (Fig. 8A), 
stomach (not shown), and small intestine (Fig. 8D) 
were positive. Laminin a2 was readily detected in the 
smooth muscle layer surrounding lower esophagus 
(Fig. 8C), stomach (not shown), and small intestine 
(Fig. 8F). Laminin a2 was also detected in basement 
membrane of the crypt, blood vessels surrounding the 
digestive tract, and blood vessels of intestinal villi (Fig. 
8F). In kidney, a2 chain was detected in glomeruli and 
around blood vessels (Fig. 81). Using an antibody spe- 
cific for domain VW we saw al chain staining in 
basement membranes surrounding glomeruli as well 
as in tubuli (Fig. 8G). Organs of the immune system 
were also examined. Lymph nodes and thymus stained 
only weakly for al chains, with a little more staining 
for a2 chains (not shown). Spleen stained strongly for 
laminin a2 chain (Fig. 8M), not at all with antibody 
against ulLG4 (Fig. 8L) and moderately with antibody 
against alVT/V (Fig. 8K). 

In order to give visibility to the tissue, some organs 
were selected for immunohistochemistry. They were 



TABLE 5 

Production of Laminin oil and a2 Chains by Cultured 
Mouse and Rat (R) Cell Lines 



Assay specific For 



Tissue (extract) 




ai VW 


a2 VI/V 


Myoblast 


M 


<0.1 


2.0 




C 


0.27 


0.28 


Fibroblast 


M 


1.8 


0.4 


Pam 212 


M + C 


<0.1 


<0.l 


Day 7.5 EC 


M 


12 


<0.1 




C 


9.6 


<0.05 


IBE EC 


M 


<0.06 


0.8 


° eEnd.2 EC 


M 


0.7 


0.2 


PYS-2 


M 


93 


<0.1 


F9 


M 


1.2 


<0.O3 


F9 stimulated 


M 


25 


<0.03 


EN 22 Schwannoma (H) 


M 


<0.06 


2.0 


Rugli glioma (R) 


M 


1.1 


<0.3 



Note. The amounts were determined by radioimmuno-inhihition 
assays specific for domains VI/V and are expressed as pmoles present 
in the medium (M) and cell lyaate (C) of a 6-cni culture plate. EC, 
endothelial cells. 
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FIG; 9. Immunoperaxidase staining of paraffin-embedded sections from adult mouse lung. Slainings were done with mAb 198 CA, D) 
against laminin ulLG4, polyclonal rabbit antibody against laminin a2LGl-3 (B; E), and control rat IgG (C,F). Laminin crl was seen beneath 
epithelial cells of terminal and respiratory bronchioles, alveolar ducts, and alveoli (A, D). TjTninin «2 was present in the layer of smooth 
muscle lining terminal bronchioles, smooth muscle controlling opening of alveoli, veins, and arteries (B, E). Basement membranes of the 
blood-air barrier contain both laminin al and cr2 CD, E). Sections were stained with hematoxylin and counters tained with eosin. Bar, for A-C, 
200 juin and 50 for D-F. '"" 
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stained with antibodies against «2LGl-3 and alLG4 
after protease treatment. In lung, al chain was seen 
beneath epithelial cells of bronchioles and along epi^ 
thclial colls of respiratory bronchioles, alveolar ducts, 
and alveoli (Figs. 9A and 9D). Laminin a2 was present 
in the layer of smooth muscle lining terminal bronchi- 
oles, smooth muscle controlling opening of alveoli, and 
in veins and arteries (Figs. 9B and 9E). The basement 
membrane between epithelial and endothelial cells of 
the blood-air barrier appeared to contain both al and 
a.2 chains. No unspecific staining was seen when sec- 
tions were incubated with control rat IgG (Figs. 9C and 
9F). Adrenal gland showed positive staining for both 
al and a'2 chains in the capsule. The cortex was weakly 
positive for both laminin isoforms, with the most stain- 
ing around cells of zona glomerulosa and zona fascicu- 
lata. The medulla was heavily stained for a2 chain (not 
shown). 

In some tissues the staining patterns for al chain 
agreed better with those of previous studies and no 
evidence for epitope masking were obtained allowing 
double staining with the mAbs 198 and 200. In adult 
mouse brain, meninges were positive for both al and 
a2 chain (Figs: 10A and 10B) as in brain of early 
embryo. Blood vessels were positive for laminin a2 
(Fig. 10B) and interestingly some medium-sized blood 
vessels stained positive for both al and a2 (Figs. 10A 



and 10B). In embryonic brain, we could see that blood 
vessels growing into the brain stained positive for a2 
chain, whereas no staining for al chain could be de- 
tected in these blood vessels. Since expression of al in 
the adult was seen only in larger vessels, a likely 
explanation is that invaginated epithelial cells located 
here are the source of detected al chain. In testis both 
al and a2 chains were expressed in basement mem- 
branes surrounding seminiferous tubules (Figs. 10C 
and 10D). Laminin a2 could also be detected around 
blood vessels in fibromuscular walls between seminif- 
erous tubules (Fig. 10D). In heart and skeletal muscle 
no al chain could be detected, whereas strong staining 
for a2 chain was seen (Figs. 10E-10I). Thyroid gland 
stained strongly for both laminin al (Fig. 10K) and a2 
(Fig. 10L). In pancreas connective tissue septa sur- 
rounding each acinus and along ducts were heavily 
stained for a2 chain (Fig. 10N), whereas no staining 
could be detected for al chain (Fig. 10M). 

DISCUSSION 

Since the discovery of the laminin a2 chain in the 
form of a fragment derived from human placenta [5] a 
comparison of its expression and deposition with that 
of the al chain has been an attractive way to approach 
the understanding of potential differences in their 
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'■•FIG. 10. Immunofluorescence staining of cryosections from adult mouse tissues from (A, B) brain, (C, D) testis, 05, K) muscle, (G-I) heart, 
(K, L) thyroid gland, and (M, N).pancreas.' Double stainings were done with mAb 198 (A, C, E, G, M) or with niAb 200 (K) both reacting with 
laminin alLC4 and polyclonal rabbit antibody against laminin or2LGl-3 (B, D, F, H, N) or laminin a2VUV (L). Polyclonal rabbit antibody 
against 'or2LGl-3 was also ueed to stain heart sagittal sections (D. In brain, meninges were positive for both laminin «1 and a2 (A, B) as in 
the early embryo brain. Blood vessels of the brain were positive for laminin a2 (B) and interestingly some blood vessels stained positive for 
both utl and a2 (A, B). In testis both laminins <*1 and a2 were expressed in basement membranes surrounding seminiferous tubules (C, D). 
Laminin cr2 could also be detected around blood vessels (arrowheads) in fibromuscular walls between seminiferous tubules (D). In skeletal 
muscle and heart no laminin al could be detected (E, G), whereas strong staining fur »2 was seen (F, H, I). Thyroid giand stained strongly 
for both laminins al (Fig. 6K) and a2 (Fig. 6L). In pancreas the connective tissue septa surrounding each acinus and along ducts were heavily 
stained for laminin a2 (N), whereas no. staining could be detected for laminin al (M). Bar; 200 pin for A, B, E-I and 100 jun for C, D, K-N. 



functions. All previous studies were based on immuno- 
staining at the light microscopy level, in situ hybrid- 
ization, and some analyses of raRNA levels [reviewed 
in 7, 29]. We have now added more quantitative as- 
pects to these studies by using polyclonal antibodies 
against recombinant laminin fragments, highly spe- 
cific for the al or a2 chains, respectively, as shown by 
various immunochemical assays. There were also no 
cross-reactions with laminin a3B, a4, and a5 chain 
fragments so far examined. It was further shown that 
extraction of tissues with EDTA-containing neutral 
buffer, which should solubilize noncovalently linked 
networks'of laminins [19, 51], followed by detergent is 
already sufficient to solubilize a large portion of the 
laminins containing al and a2 chains. However, this 
may not be the case for all tissues and might need 
further examinations. 

Using radioimmuno-inhibition assays specific for dif- 
ferent domains of both a chains, the amounts deter- 
mined in several adult tissue extracts were comparable 



within a factor of 2. Furthermore, the sum of both a 
chains did not, in most cases, exceed the content of yl 
chain shared by all al/a2-containirig laminins and 
serving as an internal control. Together, our data in- 
dicate that these radioimmunoassays allow reliable 
quantitations of laminins in tissue extracts. The con- 
tent of extractable a2 chain was highest in heart and 
muscle (150-300 pmol/g), while the content of al chain 
was more than 100-fold lower, in agreement with sev- 
eral previous and our immunostaining results. All 
other tissues showed lower contents of a2 chain accom- 
panied by variable amounts of al chain, exceeding or 
equivalent to those of a2 chain levels only in liver, 
testis, and kidney. In most cases similar relationships 
were also found for al and a2 mRNA by quantitative 
RT-PCR, demonstrating continous synthesis of al 
chain, although at relatively low levels, not detected in 
previous studies [30]. The extractable amount of al 
chain was below 10% of the level of extractable a2 
chain only in heart, muscle, lung, and stomach. Con- 
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sidering that both chains share quite a few similar 
functions it suggests that the concentration of al chain 
in most adult tissues is still high enough to compensate 
for a.2 chain deficiency or mutations in mice which 
show normal development and subsequently only a 
restricted phenotype after birth [52, 53]. 

The «1 chain is apparently the first laminin a chain 
produced during early mouse embryogenesis and also 
seems to be a prominent component in most tissues at 
some later developmental stages [26], in agreement 
with relatively high tissue contents in embryos deter- 
mined by quantitative assays (Table 4). The a2 chain, 
however, was barely detectable in day 11 embryos but 
increased steadily, during subsequent embryonic 
stages, even though not approaching the amounts 
found in adult organs. Consistent with these observa- 
tions is the high and exclusive production of al chains 
in early embryonic cell lines (F9, PYS-2, endothelial 
progenitor cells). The F9 teratocarcinoma cells were 
previously shown to synthesize mainly laminin-1 and 
considerably increased production upon stimulation to 
differentiate into parietal endoderm 143, 54). However, 
this was not accompanied by a significant production of 
a2 chain, as shown here by radioimmunoassays. An- 
other interesting aspect relates to laminin synthesis by 
endothelial cells which, as shown for two other cell 
lines, produce either a2 exclusively or both a chains 
simultaneously. Together with" some immunostaining 
data (see below) it emphasizes a role of al chain lami- 
nins during early stages of angiogencsis, which deserve 
a closer examination. In this context it is also of inter- 
est that mouse placenta showed a high content of al 
chain (480 pmol/g) but only little a2 chain. This was 
also indicated by similar differences in mRNA 130 1 and 
placenta would thus be an ideal substrate for compar- 
ing maternal and embryo-derived capillaries. How- 
ever, such patterns may be different in other species, 
as indicated by the high yields of a2 chain laminins 
obtained from human placenta [5, 55]. 

Laminin «2 was mainly found in the vicinity of me- 
soderm-derived cells. Knockout experiments and nat- 
urally occurring mutations have shown that develop- 
ment progress without the a2 chain [52, 53]. 
Myogenesis occurs in two waves in the mouse, one at 
approximately 10-14 days of embryonic development 
and another between day 16 of embryonic development 
and day 3 of postnatal life 156]. Wc found expression of 
laminin a2 in blood vessels at 11.5 days of develop- 
ment, whereas expression in muscle tissue appeared 
later. One previous study found weak expression of al 
at myotendinous junctions and «2 in a patchy base- 
ment membrane coating myotubes at this early stage 
[31], whereas other studies find no al chain expression 
and no or weak «2 chain expression [57, 58]. In hu- 
mans, laminin al chain is expressed at myotendinous 
junctions at 8 weeks of gestation [59]. Here, we found 



no expression of either laminin al or a2 chains. How- 
ever, primary myoblasts in culture expressed small 
amounts of a2 chain. As the shift from «l-chain-posi- 
tive somite basement membranes [29] to a2-chain-pos- 
itive sarcolemmal basement membranes occurs around 
this time, exact developmental stage could lead to dif- 
ferent results. Another possibility is that we failed to 
detect the very faint expression detected by others [31, 
59]. In various human congenital muscle dystrophies 
there is an absence or reduced levels of laminin a2. In 
dyldy mice, laminin «2 chain is also absent [60]. In 
spite of this, development occurs normally, indicating 
that laminin o2 is not crucial for myogenesis during 
development. Rather, this molecule appears to be re- 
quired for maintenance of the differentiated pheno- 
type, since gross symptoms of muscular dystrophy in 
laminin «2 knockout mice [53] and dyldy mice [52] 
appear only after myogenic events are complete. Sim- 
ilarly, early endothelial cells in vivo or in culture did 
not express laminin a2 before formation of the vascu- 
lature. 

In the digestive system a2 chain was detected in 
smooth muscle and in vasculature. No al chain could 
be detected in the epithelial basement membrane of 
the crypt using inAbs directed against the C-terminal 
globular domain. However, we showed the presence of 
laminin «1 mRNA by real-time PCR and protein by 
radioimmtmo-inhibition assay and using antibodies di- 
rected toward the N-terminal part of al chain. Earlier 
studies have shown the absence [27] of laminin al in 
this location. A distinct possibility is that the epitopes 
recognized by mAbs 198 and 200 located on alLG4 are 
masked in intestine. Both antibodies were previously 
shown to bind only weakly to some alLG4 mutants 
which showed a strong reduction of heparin/a-dystro- 
glycan interaction, suggesting a considerable overlap 
.with the antibody binding epitope [21]. In fact, mAb 
200 inhibits the binding of alLG4-5 to a-dystroglycan 
[61]. Together with the ability of such antibodies to 
block the binding of heparin and cell adhesion [38] it 
indicates that occupation of alLG4 by proteoglycans or 
cellular receptors could be responsible for masking the 
antigenic epitope, particularly in tissues of the diges- 
tive system. As shown for liver, a brief proteolytic 
treatment causes exposure of this epitope. In kidney, 
a2 chain was detected in glomeruli, in agreement with 
an earlier comprehensive study of the differential ex- 
pression of laminin a chains in kidney [62]. Laminin a2 
was also found around blood vessels. This is not in 
agreement with results from the same study. Using an 
antibody specific for domain VLV we saw ai chain 
staining in glomerular basement membranes as well as 
in tubuli, also not in complete agreement with earlier 
results [62]. Moreover, the data from quantitative PCR 
and radioimmuno-inhibition assays support the strong 
basement membrane staining of al chain in adult kid- 
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ney seen here. Both of these differences could be due to 
the fact that our antibodies reacted with the N-termi- 
nal parts of the a chains. 

Other organs where we detected al chain expression 
with antibodies against the N-terminal domains VW 
and not with antibodies against ulLG4 were liver and 
spleen. The expression pattern of laminins in mouse 
liver has until now received only cursory examination 
[27]. In liver, al chain was deposited along sinusoids in 
the space of Disse. Investigations in rat have shown 
that laminins are expressed during gestation and dis- 
appear from this region by 6 to 8 weeks of postnatal 
life, to reappear only during hepatic regeneration [63]. 
However, others have found laminin to be localized on 
sinusoidal surfaces in both normal and regenerating 
hepatic parenchyma [64]. This controversy could per- 
haps in some part be explained by epitope masking, as 
shown for laminin al here. 

High or very high expression of laminin a2 was 
found in some organs previously not reported for 
mouse, notably pancreas and adrenal and thyroid 
glands. An earlier study showing a2 chain expression 
in pancreas was done on the mRNA level on human 
fetal tissues (65] and porcine, thyroid glands have also 
been shown to express a2 chains [66]. Laminin al 
chain expression was recently found in adrenal gland 
cortex [27], but expression of a2 chain was not exam- 
ined before. 

Laminin a 1 deposited at epithelial— mesenchymal 
boundaries has been shown to be important for lung 
development [671. However, earlier studies have only 
detected al chain expression in fetal [67, 68] and not in 
adult [27, 30] tissues. Here, we show that al chain is 
expressed in adult lung by both quantitative RT-PCR 
and immunohistochemistry. However, only small 
amounts are deposited as detected by radioimmiino- 
inhibition assay and immunoblotting. More recently, 
a2 chain was identified in developing human [65, 691 
and adult mouse [16] lung. We found a2 chain in the 
layer of smooth muscle lining terminal bronchioles, in 
smooth muscle controlling the opening of alveoli, and 
in veins and arteries. Colocalization of al and a2 
chains was seen only in the basement membrane be- 
tween epithelial and endothelial cells of the blood-air 
barrier. In several muscular dystrophies in which re- 
spiratory problems lead to early death the underlying 
cause is laminin-2 deficiency [70]. However, it is still 
unclear whether this is due to poor ventilation with a 
skeletal muscle defect as the cause or a primary defect 
in lung smooth muscle. 

Taken together, our results would suggest that lami- 
nin a2 chain is expressed by differentiated mature cells 
of mesodermal origin, while laminin al chain is highly 
expressed by developing epithelial cells, with some re- 
sidual expression in mature epithelial cells. They 
would also suggest that this hitherto undetected al 



chain expression is high enough that it perhaps could, 
to some degree, compensate for deficiencies in other a 
chains [7] if it is produced in the right tissue compart- 
ment. The quantitative analysis of the production of 
other laminin a chains relative to al and a2 chains 
remains an' open issue. By using similar experimental 
approaches we have now developed specific radioim- 
munoassays for the a3, a4, and a5 chains and used 
them to determine contents in adult mouse tissue ex- 
tracts [71, 72]. The data indicated that in most tissues 
analyzed here (Table 2) laminins containing al or a2 
chains are the major products. Exceptions were skin 
and intestine, which contained the a3 chain as major 
component, while only a few more tissues (lung, stom- 
ach, placenta) had a relatively high proportion of a4 
and a5 chains. However, further studies are required 
to outline the significance of such differences with re- 
gard to the biological functions of these laminins. 
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We analyzed the expression of granzyme H in human 
blood leukocytes, using a novel monoclonal antibody 
raised against recombinant granzyme H. 33-kDa gran- 
zyme H was easily detected in unfractionated periph- 
eral blood mononuclear cells, due to its high constitu- 
tive expression in CD3~CD56 + natural killer (NK) cells, 
whereas granzyme B was less abundant. The NK lym- 
phoma cell lines, YT and Lopez, also expressed high 
granzyme H levels. Unstimulated CD4 + and particularly 
CD8 + T cells expressed far lower levels of granzyme H 
than NK cells, and various agents that classically induce 
T cell activation, proliferation, and enhanced granzyme 
B expression failed to induce granzyme H expression in 
T cells. Also, granzyme H was not detected in NK T cells, 
monocytes, or neutrophils. There was a good correlation 
between mRNA and protein expression in cells that syn- 
thesize both granzymes B and H, suggesting that gzmH 
gene transcription is regulated similarly to gzmB. Over- 
all, our data indicate that although the gzmB and gzmH 
genes are tightly linked, expression of the proteins is 
quite discordant in T and NK cells. The finding that 
granzyme H is frequently more abundant than gran- 
zyme B in NK cells is consistent with a role for granzyme 
H in complementing the pro-apoptotic function of gran- 
zyme B in human NK cells. 



Cytotoxic T lymphocytes and natural killer (NK) 1 cells are 
cytotoxic lymphocytes that are responsible for inducing rapid 
apoptosis of virus-infected or transformed cells (1, 2). Cytotoxic 
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lymphocytes utilize two pathways for killing target cells, both 
of which require direct cell contact. The first pathway involves 
exocytosis of potent toxins from secretory granules stored in 
the effector cell cytoplasm, whereas the second is triggered by 
clustering of death receptors on the target cell membrane fol- 
lowing interaction with their respective ligands (tumor necro- 
sis factor superfamily members) expressed on the killer cell (1, 
2). Cytotoxic granules contain two major types of toxin that 
co-operatively induce target cell apoptosis: granzymes (gzms), a 
family of serine proteases, and a pore-forming protein, perforin. 
The precise mechanism of gzm/perforin synergy has not been 
clarified; however, it is likely that gzms enter the target cell by 
endocytosis (3, 4), whereas perforin enables pro-apoptotic gzms 
access to their substrates in the target cell cytosol by destabi- 
lizing endosomes (5, 6). The more traditionally held notion of 
perforin permitting access to the cytosol through plasma mem- 
brane pores may also apply in some circumstances (6). 

Gzms are closely related to one another structurally, and 
their genes are clustered in several loci on distinct chromo- 
somes (7). In both humans and rodents, each locus encodes 
proteases with a single broad type of substrate cleavage. Gzms 
A and K are trypsin-like proteases ("tryptases") that cleave 
proteins at basic residues, and their genes are linked on human 
chromosome 5 (8). Gzm M preferentially cleaves at residues 
with long, uncharged side chains (Met, Leu), and its gene is 
closely linked to the neutrophil elastase gene on human chro- 
mosome 19 (9). The genes for gzms B and H are located on 
chromosome 14, tightly linked with the gene encoding cathep- 
sin G, another chymotrypsin-like protease Cchymase") that, 
unlike the gzms, is expressed in cells of the myeloid lineage but 
not in lymphocytes (7, 10). These three genes all map to within 
60 kb of one another. Gzm B cleaves its substrates adjacent to 
acidic residues, particularly Asp (11), and plays a central role 
in eliciting death of the target cell by perturbing mitochondria 
and activating caspases (12, 13). Its absence from the granules 
of lymphocytes from gene knockout mice slows the rate of 
target cell DNA damage (14). 

In the mouse, the gene for gzm B is tightly linked to at least 
four other granzyme genes predicted to code for functional 
chymases (gzms C-F); however, only one such chymase, gzm H, 
performs this function in humans (15). Gzm C is now known to 
possess an unusual type of pro-apoptotic activity characterized 
by mitochondrial swelling and disruption that does not require 
prior caspase activity (16). However, no such evidence has yet 
come forward for human gzm H. We recently showed that 
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recombinant gzm H expressed in baculovirus-infected insect 
cells preferentially cleaves substrates with Phe or Tyr at the PI 
position (15). Despite sharing this substrate specificity with 
mouse gzms C-F, gzm H has no direct structural equivalent in 
the mouse and appears to be a uniquely human protein. Gzm H 
has a very high amino acid identity (>90%) with many portions 
of the gzm B sequence, particularly near the amino terminus of 
the molecule (10) despite performing a distinct enzymic func- 
tion. It has been inferred from the high degree of sequence 
similarity that the gzmH gene arose by duplication of part of 
the 5' end of the gzmB gene (particularly exons 3 and 4) and- 
fusion with the 3' end of an another primordial serine protease 
gene (10). 

The function of gzm H is unknown, and its study has been 
greatly hindered by a lack of reagents able to distinguish it 
from gzm B at the protein or mRNA levels. The cellular expres- 
sion of gzm H has been reported in just one study that assessed 
gzm H mRNA expression in human T cells (10). This study 
concluded that like gzm B, gzm H is expressed at high levels in 
activated T cells. However, in another study, a portion of the 
gzmH promoter was used to preferentially direct the transgenic 
expression of SV-40 T antigen to the mouse lymphoid compart- 
ment. The transgene was not activated in allo-stimulated cy- 
totoxic T lymphocytes that expressed high levels of gzm B but 
was highly expressed in activated NK cells and in NK and 
NK/T cell tumors that arose in these animals (17). Although 
the genes encoding cathepsin G and gzms B and H are very 
tightly linked, cathepsin G and gzm B have markedly different 
cellular expression profiles, as cathepsin G is expressed exclu- 
sively by cells of the myeloid lineage, particularly neutrophils 
and monocytes (18). It is therefore quite feasible that gzms B 
and H may be differentially expressed and regulated among 
leukocyte subsets. The availability of correctly folded, proteo- 
lytically active gzm H enabled us to attempt raising monospe- 
cific reagents for this protease. Having produced a novel gzm 
H-specific mAb, we now demonstrate that gzm H is expressed 
solely in lymphocytes, but its constitutive expression pattern is 
quite distinct from that of gzm B, as is its expression in re- 
sponse to a variety of stimuli that strongly induce gzm B 
expression. 

EXPERIMENTAL PROCEDURES 

Antibodies — Antibodies used in Western blotting and immunohisto- 
chemistry included several mAbs made by our laboratory: 2C5 (anti- 
gzm B) (19), 4H10 (anti-gzm M) (20), PB2 (anti-perforin) (21), and 7D8 
(anti-PI-9) (22). In addition, mAb GB7 (anti-gzm B) was purchased 
from Serotec. 

Cell lines, Tissue Samples, and Immunohistochemistry — The human 
tumor cell lines used in this study were all cultured in RPMI medium 
supplemented with 10% fetal bovine serum, 2 mil L-glutamine, penicil- 
lin, and streptomycin in a C0 2 incubator at 37 "C. These included YT 
(human NK), HL-60 and U937 (human myeloid), Daudi and Raji (hu- 
man B cell), Jurkat and CEM (human T cell), HeLa (cervical carci- 
noma), Lovo and COLO205 (colon adenocarcinoma), and MDA-MB-435 
(human breast adenocarcinoma) tumor cell lines. Lysates of homogene- 
ous populations of human T cell lymphoma samples of two unrelated 
individuals (derived from lymph node biopsies) were also analyzed. 
Immunohistochemical studies were performed as described previously 
(23). 

Recombinant gzm Expression — Recombinant human gzm B and gzm 
H were purified from the culture supernatants of baculovirus-infected 
Sf9 cells, 3-5 days after infection, as described (15). The poly-histidine- 
tagged gzm proteins were purified by nickel affinity chromatography 
and dialyzed against PBS. The gzms were tested for their proteolytic 
activity by assaying the cleavage of tripeptide substrates Ala-Ala-Asp- 
S-benzyl (for gzm B, a kind gift from Drs. Chih-Min Kam and Jim 
Powers, Georgia Institute of Technology, Atlanta, GA) or Phe-Leu-Phe- 
S-benzyl (for gzm H, purchased from Sigma). 

mAb Production and Screening — Five- to-seven-week-old female 
BALB/c mice were immunized into the peritoneal cavity with purified, 
recombinant gzm H (50 /ig) mixed with Freund's complete adjuvant. 



Two to four weeks later, the mice were boosted with the same antigen 
mixed with incomplete adjuvant. Three days following a further similar 
immunization, a mouse was sacrificed, and its spleen cells were fused 
with NS-1 mouse myeloma cells, using polyethylene glycol. Ten days 
later, hybridomas were screened for secretion of anti-gzm H mAbs using 
a solid phase ELISA assay in which gzm H (or gzm B as a control) was 
coated onto the wells of a 96-well polyvinyl chloride plate. Positive 
hybridomas were cloned by limiting dilution, and the clones were ex- 
panded and cryopreserved in liquid nitrogen. 

Production of a Rabbit Polyclonal Antiserum — Polyclonal antiserum 
was raised in New Zealand White rabbits by immunization with puri- 
fied recombinant human gzm B (200 /ig) mixed with Freund's complete 
adjuvant and injected into multiple sites subcutaneously in volumes of 
<0.1 ml. Three booster immunizations were given intramuscularly with 
incomplete adjuvant at 3-4-week intervals. 

Isolation of Leukocyte Subsets — For isolation of neutrophils, cell pel- 
lets collected after Ficoll-Hypaque centrifugation were dispersed in 
PBS containing 3% dextran and left to stand at ambient temperature 
for 30 min to rouleau the red cells. Neutrophils were then pelleted from 
the supernatants and resuspended in hypotonic buffer containing 0.2% 
NaCl for 1.5-2.0 min to lyse the remaining red cells. The tonicity was 
then adjusted to 0.9% NaCl, and the cells were again pelleted and 
washed. Cells were >95% neutrophils, by Giemsa staining. Monocytes 
were sorted from peripheral blood mononuclear cells (PBMC) with 
anti-CD14 fluorescein isothiocyanate and were at least 82% pure. 
CD3 + CD56" T cells and CD3~CD56 + NK cells were purified from 
PBMC by fluorescence-activated cell sorter sorting and were reproduc- 
ibly >96% pure. For isolation of NKT cells, PBMC were cultured in 
medium containing IL-2, IL-7, and a-galactosylceramide (generously 
provided by Kirin Breweries, Gunma, Japan) for 7 days. Cells that 
stained positive with phytohemagglutinin-conjugated CDld/a-galacto- 
sylceramide tetramer (generously provided by Drs Stephan6 Sidobre 
and Mitchell Kronenberg, La Jolla Institute for Allergy and Immunol- 
ogy, La Jolla, CA) and CD3-fiuorescein isothiocyanate were collected by 
fluorescence-activated cell sorter sorting, and purity was found to be 
95%. 

T and NK Cell Stimulation — Human PBMC and purified populations 
of T and NK cells were incubated in medium supplemented with recom- 
binant human interleukin-2 (IL-2, 100-500 units/ml; Chiron Corp.) 
and/or phytohemagglutinin (PHA) (2 ng/ml) 0 r anti-CD3 mAb HIT3A 
(10 ng/ml; Pharmingen) for up to 10 days prior to harvest.and analysis 
for gzm expression. 

Protein Immunoblotting — Cell lysates were fractionated on 12.5% 
SDS-polyacrylamide gels, and the proteins were electroblotted onto 
polyvinylidene difluoride membranes. Nonspecific protein binding was 
blocked by preincubation with 5% nonfat skim milk in PBS at 4 °C for 
2 h. Membranes were incubated with mAb (hybridoma culture super- 
natant, typically diluted 1/5 to 1/20 in PBS) at 4 °C overnight and 
washed, and then bound Ig was detected with goat an ti -mouse Ig 
conjugated to horseradish peroxidase. 

Generation of gzm-specific cDNA Probes Northern Blotting, and Real- 
time PCR Analysis — cDNA probes specific for the 3 '-untranslated re- 
gions of gzm B and H mRNA/cDNA were produced by PCR amplifica- 
tion of each respective cDNA clone, using synthetic oligonucleotide 
primers. The gzm B probe was amplified using the oligonucleotides 
5 '-GAAACGCTACTAACTACAGG-3 ' and 5 ' -CCACTCAGCTAAGAG- 
GT-3' and was 129 nucleotides in length. The gzm H probe was simi- 
larly amplified using the oligonucleotides 5'-AGAACAATGAAGCGC- 
CTC-3' and 5 ' -ACACGCGGCCGCGATCCATTTATTACAGTCC-3 ' and 
was 138 nucleotides in length. Each probe was purified from 2% agarose 
gels and labeled with [a- 32 P]dATP by nick translation or random prim- 
ing with synthetic hexanucleotides. The radiolabeled probes were used 
to identify gzm-specific mRNA in Northern blot experiments. Total 
cellular RNA was isolated from various populations of human cells and 
cell lines (10 fig/lane) and separated by electrophoresis on 1% formal- 
dehyde/agarose gels.and then transferred to nylon membranes by cap- 
illary transfer. The membrane was allowed to dry at room temperature 
and then baked at 80 °C for 2 h. Prehybridization was in buffer con- 
taining 50% formamide, 1% SDS, and 5x SSC (pH 6.8) solution at 
42 °C. Following hybridization with preboiled radiolabeled cDNA probe 
for 16 h, the filters were washed at low stringency and then under high 
stringency conditions (0.1 x SSC, 1% SDS, 60 °C for 2 x 20 min), 
air-dried, and exposed to x-ray film (Kodak) for 1-3 days at -80 °C. In 
some experiments, plasmid DNA was spotted onto nylon membranes 
(50 ng/spot) and then denatured in NaOH. The membranes were baked 
at 80 °C for 2 h and then prehybridized and hybridized as described 
above. For real-time-PCR, 2 fig of DNase- treated RNA was reverse 
transcribed using M-MLV reverse transcriptase Rnase H minus, point 
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mutant (Promega). PCR primers for each gene were designed using 
Primer Express software (Applied Biosystems, Foster City, CA) with a 
melting temperature at 58-60 °C and a resulting product of 75-150 bp. 
Triplicate 20-fU PCR reactions were carried out using SYBR green 
master mix (Applied Biosystems), initially for 15 min at 95 °C followed 
by 39 cycles of 95 °C for 15 s and 60 "C for 60 s in the ABI Prism 7700 
sequence detection system. The levels of gzm H and B mRNA were 
normalized to that of ribosomal protein L32. Primer pairs were as 
follows: L32, forward, 5 ' -TTCCTGGTCCAC AACGTCAAG-3 ' and re- 
verse, 5 ' -TGTGAGCGATCTCGGCAC-3 ' ; gzm B, forward, 5-GCGGTG- 
GCTTCCTGATACAAG-3 ' , and reverse, 5'-CCCCCAAGGTGACATTT- 
ATGG-3'; gzm H, forward, 5 '-TGGCGGCATCCTAGTGAGAA-3 ', and 
reverse 5 ' -GCCCCCAAGGTGAC ATTTATG-3 ' . Primer efficiency for 
gzms B and H was demonstrated by the overlapping amplification 
profiles of equal quantities of gzm B and H cDNA 

Granule Fractionation — For cell fractionation experiments, YT hu- 
man NK tumor cells (3 X 10 s ) were harvested, washed several times in 
PBS, and lysed by nitrogen cavitation, as described (24). The cell lysate 
was fractionated on a continuous Percoll density gradient as described, 
and 1-ml fractions were collected, starting with the dense (bottom) end 
of the gradient. Following the removal of Percoll by ultracentrifugation, 
aliquots of each fraction were analyzed by SDS-PAGE and Western 
blot. 

RESULTS 

To determine the cellular and subcellular expression of gzm 
H, it was first necessary to produce an antiserum that could 
distinguish it from other granzymes, particularly its closest 
structural relative gzm B, with which it shares ~75% amino 
acid identity (25). We have previously expressed and purified 
catalytically active gzm H secreted by baculovirus-infected in- 
sect cells (15), so this protein was used as an immunogen for 
mAb production in BALB/c mice. Of 800 hybridoma culture 
supernatants screened for mAb secretion in a solid phase 
ELISA assay, 48 were found to secrete an Ig that bound to gzm 
H. All but one of these mAbs produced an equivalent signal 
when tested on purified gzm B, indicating they detected an 
epitope common to both granzymes (data not shown). However, 
the mAb produced by hybridoma 4G5 specifically recognized 
gzm H and failed to react with gzm B in the ELISA assay (Fig. 
LA). Conversely, mAb 2C5, which we have used extensively in 
studies on gzm B (12, 13, 19, 26, 27), was specific for gzm B and 
failed to recognize gzm H. MAb 4G5 detected as little as 3 ng of 
gzm H but did not react at all with gzm B in Western blots (Fig. 
LB). In the reciprocal experiment, mAb 2C5 reacted strongly 
with gzm B in Western blots but did not react with gzm H (data 
not shown). By contrast with both mAbs, a polyclonal rabbit 
antiserum raised against gzm B showed strong cross-reactivity 
with gzm H, once again demonstrating the close structural 
similarity of the two granzymes (Fig. LB). Interestingly, mAb 
GB7, a commercially available reagent purported to specifically 
detect gzmB, produced an equivalent signal with gzms B and H 
(Fig. 1C). Similar analyses using other recombinant granzymes 
also demonstrated that both 4G5 and 2C5 did not react with 
recombinant human gzm M, a more distant relative of gzms B 
and H (—35% amino acid identity; data not shown) (7). 

Having shown that 4G5 specifically detects gzm H, we next 
used the mAb in Western blotting on whole cell lysates made 
from a series of hemopoietic and non-hemopoietic cells lines. 
The human NK leukemia cell lines YT (Fig. 2) and Lopez-(data 
not shown) both demonstrated a 33-kDa protein that co-mi- 
grated with recombinant gzmH. The predicted molecular mass 
on reduced SDS-PAGE was consistent with a gzm H polypep- 
tide backbone of 26 kDa (deduced from the cDNA sequence) 
and ~7 kDa of added carbohydrate. Gzm H was not expressed 
by the acute T cell leukemia lines Jurkat and CEM, the B 
lymphoma cell lines Daudi and Raji, the myeloid cell lines 
HL-60 and U937, or cells from two lymph node biopsies excised 
from patients with disseminated T cell lymphoma. Similarly, 
no signal was detectable in the human carcinoma cell lines 293 
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Fig. 1. Specificity of anti-gzm B and H mAbs. A, solid-phase 
ELISA assay in which serially diluted mAbs raised against human gzm 
B peptide (2C5, Ref. 19) and recombinant gzm H (4G5, this study) were 
tested on both recombinant purified gzms. B, Western blot showing 
reactivity of 4G5 (tissue culture supernatant, diluted 1/10) and a poly- 
clonal rabbit antiserum raised against recombinant (Rc) human gzmB 
(1/1000) with various quantities of each recombinant gzm protein. C, 
Western blot showing reactivity of mAbs 4G5, 2C5, and GB7, which has 
been considered to react specifically with gzmB, with recombinant gzms 
B and H (indicated by B and H). 

(embryonal kidney), HeLa (cervical), or the adenocarcinomas 
Lovo, COLO 205, and MDA-MB435. As Lopez and YT cells both 
contain large numbers of cytolytic granules and also express 
perforin and gzms B and M (24), the co-expression of gzm H by 
these cells lines was consistent with a possible role for gzm H 
in cytotoxic granule-mediated cell death. 

To determine the subcellular localization of gzm H, we ini- 
tially performed immunohistochemistry on pelleted YT cells, 
using mAbs 2C5 (anti-gzmB) and 4H10 (anti-gzmM) as controls 
(Fig. 3A). As was shown previously, gzms B and M were local- 
ized to granules in the cytoplasm of YT cells (20, 26). Cytoplas- 
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Fig. 2. Expression of gzmH in human tumor cell lines. A West- 
ern blot analysis of whole cell lysates derived from a variety of hemo- 
poietic and non-hemopoietic tumor cell lines and two primary T cell 
lymphomas, as described under "Experimental Procedures," is shown. 
The same panel of lysates was also probed with a mAb detecting 
tubulin, as a loading control. RcgzmH = recombinant gzmH, which was 
run as a positive control. The numerals at the left indicate the migration 
of molecular size markers in kDa. 



mic staining in YT cells was also observed with the gzmH mAb; 
however, the strength of the staining varied considerably from 
cell to cell: some YT cells (about 50%) stained strongly, a 
minority stained weakly, and the remainder (about 25%) 
showed no staining. The heterogeneity of staining was not due 
to limiting Ig, as similar numbers of strongly and weakly stain- 
ing cells were observed over a range of antiserum concentra- 
tions (data not shown). None of the granzyme mAbs bound to 
Jurkat cells, which were used as a negative control in this 
experiment (Fig. 2). To definitively demonstrate gzmH local- 
ization to cytotoxic granules, a lysate of mechanically disrupted 
YT cells was fractionated on a Percoll density gradient (Fig. 
3B). The fractions were analyzed by Western blotting with 
antibodies specific for gzms B and H, perforin, and the serpin, 
PI-9, which is localized to the cytosol of cytotoxic lymphocytes 
rather than granules (26). Gzm H was co-localized with the 
granule proteins perforin and gzmB in fractions 6-8 at the 
dense end of the gradient (specific gravity 1.10-1.13 g/ml, data 
not shown). Fractions 6-8 were free of PI-9, which is abundant 
in the cytosol of YT cells (represented by the least dense frac- 
tions, 14-18) but is not a significant constituent of the 
granules (26). 

Almost all of the human and rodent granzymes described to 
date are expressed constitutively by NK cells and in an induc- 
ible manner by CD8+ (and some CD4+) T cells, when they 
become activated and adopt an effector phenotype (28). The two 
granzymes known to play a pivotal role in target cell apoptosis, 
gzm B, which is encoded by a gene that is very tightly linked to 
that of gzm H, and gzm A, encoded on a different chromosome, 
Chr 5 (8) are both regulated in this way. One exception to this 
general "rule" is gzm M, which is constitutively expressed by 
NK cells but not by human or rodent T cells when they become 
activated (20, 23). We therefore wished to determine which 
leukocyte subsets (if any) in normal human peripheral blood 
express gzmH, both in their quiescent state or following expo- 
sure to activating stimuli. Initially, we subjected unfraction- 
ated PBMC from normal individuals to Western blotting, either 
prior to or after exposure to agents that cause T cell activation 
and proliferation in vitro (Fig. 4A). Surprisingly, freshly iso- 
lated, unstimulated PBMC from unrelated donors showed 
strong constitutive gzm H expression, whereas the expression 
of gzm B by the same cells was very low or absent (Fig. 4A). 
From past studies, gzmB is known to be expressed at low levels 
in unstimulated NK cells (23) and is induced from very low 
levels in stimulated CD4+ and CD8+ T cells (10, 29-31). 
Consistent with this pattern of expression, exposure of PBMC 
to the T cell stimuli IL-2 and anti-CD3 mAb (Fig. 4A) over 
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Fig. 3. Expression of gzms B, H and M in YT NK leukemia cells. 

A, immunohistochemical analysis of YT and Jurkat (human T cell 
leukemia) cells, probed with mAbs specifically detecting gzms B, H and 
M (see "Experimental Procedures"). B, Western blot analysis of alter- 
nate Percoll density gradient fractions of a cytoplasmic lysate of YT 
cells. The numerals indicate fraction numbers, collected from the" bot- 
tom (dense) end of the gradient (see "Experimental Procedures"). The 
fractions were probed with mAbs specific for gzmH (4G5), the known 
granule proteins gzmB (2C5) and perforin (PB2), and PI-9 (7D8), which 
is absent from granules but located in the cytosol. 



4-day time course experiments caused a strong induction of 
gzmB protein. The response to IL-2/anti-CD3 had peaked 
within 24 h and then declined slightly from days 2-4. Next, we 
sorted fresh PBMC into CD3+CD56" T cells and CD3-CD56 4 
NK cells (Fig. 4B). The T cells constitutively expressed no gzm 
B and low levels of gzm H, whereas the NK cells gave a strong 
signal for gzm H and a substantially weaker signal for gzm B. 
As NK cells make up only 2-5% of PBMC, it is likely that gzm 
B would be undetectable in Western analysis of unfractionated 
PBMC in most instances (Fig. 4A). Exposure of the T cells to 
IL-2/PHA caused a strong and continual up-regulation of gzm B 
levels up until day 4. By stark contrast, the level of gzm H 
expression did not increase above constitutive levels but re- 
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Fig. 4. Expression of gzms B and H in activated human PBMC. 

A, Western blot analysis with mAbs 4G5 (anti-gzmH) and 2C5 (anti- 
gzm B) of whole cell lysates of unstimulated PBMC (day 0; 5 x 10 6 
cells/lane) and of similar numbers of cells cultured in medium supple- 
mented with IL-2 and anti-CD3 mAb for the number of days indicated. 

B, Western blot analysis of whole cell lysates of unstimulated 
CD3+CD56" T and CD3-CD56 + NK cells (day 0; 5 x 10" cells/lane) and 
of similar numbers of cells cultured in medium supplemented with 
PHA/IL-2 (T cells) or 100 units/ml IL-2 (NK cells) for the number of 
days indicated. 

mained constant (Fig. 4B). In purified NK cells exposed to IL-2, 
the levels of gzm H remained unchanged, whereas gzm B levels 
increased somewhat (Fig. 4B). 

To further define which cell types were responsible for gzm H 
expression, we next examined more highly purified PBMC sub- 
sets (Fig. 5). As shown previously, gzm H was expressed at very 
high levels in unstimulated CD3~CD56 + NK cells and at far 
lower levels in unstimulated CD4+/CD8+ T cells (Fig. 5A). 
Consistent with previous observations, the unstimulated NK 
cells also expressed small amounts of gzm B and far larger 
quantities of gzm M (23). Purified CD4+ and CD8+ T cells 
were also examined separately for granzyme expression upon 
in vitro stimulation with PHA and IL-2. Again consistent with 
previous findings, both T cell subsets expressed large amounts 
of gzm B, whereas gzm M was undetectable. Gzm H was ex- 
pressed in activated CD4+ cells, but contrary to previous re- 
ports (10), the level of expression was not increased in compar- 
ison with unstimulated CD4+ cells. Despite expressing large 
quantities of gzm B, the stimulated CD8 + T cells expressed no 
detectable gzmH (Fig. 5A). As NK cells expressed large quan- 
tities of gzm H, we were also interested in whether NKT cells 
also expressed gzm H. As the number of NKT cells in PBMC is 
typically only 0.1%, unfractionated PBMC from a healthy do- 
nor were stimulated in vitro with IL-2, IL-7, and cr-galactosyl- 
ceramide for 7 days. This resulted in the proportion of cells 
staining with phosphatidylethanolamine-labeled CDld/a- 
galactosylceramide tetramer increasing to ~1.5% (data not 
shown). When these NKT cells were sorted to homogeneity and 
analyzed by protein immunoblotting (Fig. 5B), they were found 
to lack expression of gzm H, whereas small amounts of gzm B 
were expressed. Neither polymorphonuclear leukocytes nor 
monocytes expressed detectable gzmH (Fig. 5B). It was there- 
fore concluded that gzm H is expressed predominantly by NK 
cells and weakly by CD4+ T cells but not by CD8+ T cells in 
unstimulated human peripheral blood. A number of stimuli 
that strongly induce gzm B expression had no effect on gzm H 
protein levels. The absence of 4G5 reactivity with myeloid cells 
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Fig. 5. Expression of gzms B, H and M in human lymphocyte 
subsets. A, Western blot analysis of whole cell lysates of unstimulated 
human CD3-CD56* NK cells, unstimulated CD4+ and CD8+ T cells 
(CD4/CD8), and CD4+ or CD8+ T cells cultured with PHA and IL-2 for 
5 days. The expression of tubulin was used as a loading control. B, 
Western blot analysis of whole cell lysates of peripheral blood NKT cells 
expanded in culture medium supplemented with IL-2 and IL-7 for 7 
days, unstimulated 003-0056* NK cells, and freshly isolated polymor- 
phonuclear leukocytes (PMN) and monocytes. Staining with an anti- 
serpin antibody that detects the serpin PAI-2 was used as a loading 
control. 

indicated that this mAb does not cross-react with cathepsin G, 
a closely related serine protease expressed at high levels in 
myeloid cells but not at all in lymphocytes (18). 

Our results were not in agreement with a previous report 
that indicated that gzm H is inducible upon T cell activation 
(10). This study was performed without the benefit of a specific 
gzm H antiserum and relied on mRNA expression studies per- ' 
formed with cDNA probes. To determine whether the previous 
findings may have resulted from cross-reactivity of the gzm H 
cDNA probe with gzm B mRNA, we generated probes specific 
for gzm B and gzm H mRNAs based on unique, gzm-specific 
sequences located in the 3 '-untranslated regions of both genes. 
Unlike the respective full-length gzmB and gzm H cDNAs, 
which cross-reacted strongly, even under highly stringent hy- 
bridization and washing conditions (Fig. 6), the 3 '-untrans- 
lated region probes were highly specific for gzms B and H (Fig. 
6, bottom panel). Neither set of probes reacted with gzm A, 
which has a far lower degree of sequence similarity with both 
gzm H and gzm B. This result shows the importance of check- 
ing for possible cross-reactivity of all reagents purported to 
specifically detect either gzm B or H. The gzmH and gzmB 
genes are tightly linked to that encoding cathepsin G, and all 
three proteases share considerable structural and sequence 
similarity. Our demonstration that gzmH protein is not ex- 
pressed in myeloid cells clearly indicates that gene sequences 
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Fig. 6. Expression of gzm B and H mRNA in YT cells and 
human PBMC. DNA dot blot analysis in which full-length cDNAs 
encoding human gzms A, B, and H cloned into the plasmid vector, 
pBLUESCRIPT KS+, were spotted onto nylon filters (50 ng/spot). 
cDNA encoding the human non-granzyme protein IFI 16 was used as 
negative control. Replicate filters were probed and washed under high 
stringency conditions with [a- 32 P]dATP-!abeled, full-length, purified 
cDNA inserts encoding gzm B (B) or gzmH (H) or with plasmid DNA 
(KS+). Lower panel, similar filters spotted with cDNAs encoding gzms 
A, B, or H were probed and washed under high stringency conditions 
with [ 32 P]dATP-labeled, purified PCR-generated DNA probes specific 
for the 3 '-untranslated sequences of human gzmB (3'B) or gzmH (3'H) 
cDNA (see "Experimental Procedures"). 

regulating cell-specific expression of gzm H and cathepsin G 
have not been conserved. It is also known that myeloid cells 
store large quantities of cathepsin G in their cytoplasmic gran- 
ules but produce mRNA only during the promyelocyte stage of 
development, switching off gene transcription during cell mat- 
uration (32). To determine whether mature NK cells store gzm 
H protein in the absence of its mRNA, we used gzm B- and gzm 
H-specific primers to perform quantitative real-time PCR anal- 
ysis of sorted CD3~CD56 + peripheral blood NK cells. We were 
able to detect mRNA encoding both gzms B and H (Fig. 7). 
Although gzm H protein was considerably more abundant than 
gzm B in NK cells (see above), gzm B and gzm H mRNAs were 
about equally abundant in freshly isolated NK cells when com- 
pared with a control mRNA, L32. Therefore, gzmH gene tran- 
scripts are still present in mature NK cells, unlike the case 
with CatG transcripts in myeloid cells (see Ref. 34). 

DISCUSSION 

We have produced a new mAb, 4G5, which specifically de- 
tects gzm H, and used it to compare the expression of gzms B 
and H in a variety of cell lines and human primary cells. The 
two gzms have very similar amino acid sequences (—75% se- 
quence identity) and are predicted to have similar three-dimen- 
sional structures, as both are chymotrypsin-like serine pro- 
teases. It was therefore essential to first show that 4G5 and the 
anti-gzm B mAb used in this study, 2C5, react specifically with 
their respective target antigens. This was demonstrated in 
several ways. Firstly, the mAb produced by hybridoma 4G5 
was unique among 48 mAbs produced that recognized recom- 
binant gzm H in that it failed to recognize gzm B in a solid 
phase ELISA assay. As we were specifically attempting to 
produce a gzm H-specific mAb, screening for cross-reactivity 
with gzm B was included in the initial screen of hybridoma 
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Fig. 7. mRNAs encoding gzms B and H are both expressed in 
unstimulated CD3"CD56 + NK cells. Real-time PCR amplification of 
RNA extracted from freshly isolated, purified CD3"CD56 + peripheral 
blood NK cells and unfractionated PBMC of a normal donor is shown. 
The result is expressed as the mean expression level ± standard devi- 
ation of triplicate assays, relative to L32 mRNA The data shown are 
representative of four experiments carried out with RNA from two 
unrelated donors. 

supernatants, enabling the other 47 mAbs to be eliminated. 
Secondly, the specificity of 4G5 for gzm H was shown in West- 
ern blot analysis using purified proteins as targets. As recom- 
binant proteins were used, there was no possibility that either 
mAb was actually detecting small amounts of an alternative 
gzm present as a contaminant. Thirdly, immunohistochemical 
staining of the human NK tumor cell fine YT demonstrated 
markedly different patterns of staining for gzms B and H. 
Although gzm B staining was uniform and strong across all 
cells, gzm H staining was identified only in a subset of cells, 
and the strength of staining varied considerably from cell to 
cell. We are currently attempting to ascertain the factors that 
govern gzmH expression in individual YT cells. 

This study has raised a number of unexpected results. The 
major finding is that the expression of gzms B and H is quite 
discordant in human lymphocyte subsets, both in unstimulated 
T and NK cells and when the cells were stimulated with a 
variety of agents that induce activation and proliferation. For 
example, gzm H is constitutively expressed at high levels in 
peripheral blood NK cells, whereas gzm B is expressed at much 
lower levels by the same cells. Stimuli that typically induce 
strong gzm B expression also had little effect on gzm H levels in 
either T or NK cells exposed to various cytokines and mitogens. 
Previously, Heusel et al. (33) also used sensitive nuclease pro- 
tection assays to show a likely discrepancy in gzm B and H 
regulation in human lymphocytes, with the highest levels of 
gzm H mRNA identified in stimulated NK cells but virtually 
none in T cells. Human NK cell (large granular lymphocyte) 
tumors have also been shown to express mRNA for both gzms 
B and H in microarray studies that are said to have used 
nucleic acid probes that can distinguish between the two gzms 
(34). Thus, contrary to previous belief, the principal gzms ex- 
pressed by resting NK cells are gzms H (this report) and gzms 
A and M (23) but not gzm B. By contrast, the expression of all 
gzms is elevated in both of the NK tumor cell lines (YT and 
Lopez) that have been examined to date (23, 31). The findings 
in primary NK cells raise the important question of how NK 
cells achieve target cell apoptosis when they express low levels 
of gzm B, which is thought to have the strongest pro-apoptotic 
activity of any of the gzms. In the absence of gzm B, gzms A, M, 
and H would all be candidates to fulfil a pro-apoptotic function, 
individually or jointly. Although CD3-CD56 + circulating NK 
cells expressed large amounts of gzmH, the very low numbers 
of circulating NKT cells in peripheral blood meant that it was 
not possible to determine whether unstimulated NKT cells also 
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express gzm H. To recover enough cells for analysis, we ex- 
panded the NKT cells in IL-2 and IL-7, raising the possibility 
that these stimuli may have down-regulated gzmH expression 
during in vitro culture. 

The pattern of expression of gzm H protein was again quite 
distinct from that of gzm B in peripheral blood T lymphocytes 
that were stimulated in various ways in relatively short term 
cultures in vitro. All of the stimuli examined in this study led to 
very marked induction of gzmB protein, both in CD4+ and 
CD8+ PBMC. However, gzm H protein was expressed at low 
levels in CD4+ T cells but was not detected in CD8+ T cells 
and was not induced by mitogens and mediators of T cell 
activation including IL-2, PHA, concanavalin A, and anti-CD3 
used alone or in various combinations. Collectively our data 
clearly indicate that gzms B and H, the products of very tightly 
linked genes, are nevertheless regulated in very distinct ways. 
Despite this, the real-time PCR data presented in this study also 
indicate that regulation of ihegzmH gene is dissimilar to CatG as 
CatG mRNA is not found once myeloid cell maturation occurs. 
That is, the regulation of all three closely linked genes is unique. 

By contrast with the monoclonal reagents used in this study, 
polyclonal antisera raised against gzm B (Fig. IB) or gzm H 
(data not shown) were strongly reactive with both gzms, as 
were 47/48 of the mAbs raised against recombinant gzmH. This 
indicates that at least one' epitope shared between the two 
closely related gzms is commonly recognized by mice and other 
species. Given the close structural similarities between human 
granzymes, we anticipated that it might be problematic to 
produce monospecific mouse antisera when we started to pro- 
duce anti-gzm mAbs some years ago. Initially, our strategy was 
to identify stretches of the gzm amino acid sequence that were 
hydrophilic (suggesting orientation to the exterior of the pro- 
tease) and polymorphic among the gzms of that species. When 
we used synthetic polypeptides corresponding to such portions of 
gzm sequences to immunize mice, we identified an apparent 
immunodominant epitope mapping between residues 139 and 
158 (using the amino-terminal isoleucine residue of processed 
gzm B as residue 1) (35). These peptides proved useful for pro- 
ducing monospecific mAbs for gzmB (2C5, used in- the present 
study) (19) and gzmM (20). However, peptides from the corre- 
sponding region of gzm H largely produced mAbs (in many inde- 
pendent fusions) that were able to detect the immunizing peptide 
but not native gzmH (data not shown). The availability of recom- 
binant, correctly folded gzmH produced in baculovirus-infected 
cells has allowed us to successfully revisit this difficult endeavor. 

As with serological reagents, the current study also shows 
that full-length cDNA probes used in Northern blot analysis do 
not specifically detect either gzm B or H. Rather, we propose that 
shorter cDNAs spanning the unique 3 '-untranslated regions of 
both genes are far more suitable for Northern blotting and re- 
lated assays such as in situ hybridization. For other purposes, the 
use of gzm-specific primers for PCR amplification may be a suit- 
able alternative. As the reagents purporting to detect gzm B are 
increasingly coming into use for diagnostic purposes both in 
inflammatory and neoplastic diseases (36-38), we urge extreme 
caution when interpreting results obtained with mAbs or DNA 
probes, the reactivity of which with other gzm family members 
and cathepsin G has not been adequately excluded. 
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Brief report 

BCL2 protein expression parallels its mRNA level in normal 
and malignant B cells 

Yulei Shen, Javeed Iqbal. James Z. Huang, Guimei Zhou, and Wing C. Chan 



The regulation of B-cell lymphoma 2 
(BCL2) protein expression in germinal 
center (GC) B cells has been controver- 
sial. Previous reports have Indicated post- 
transcrlptlonal regulation plays a domi- 
nant role. However, a number of recent 
studies contradicted these reports. Using 
real-time polymerase chain reaction (PCR) 
and Standardized Reverse Transcriptase- 
PCR (StaRT-PCR), we measured the level 
of mRNA expression in GC, mantle zone 



(MNZ), and marginal zone (MGZ) cells 
from laser capture microdissection. Both 
quantitative RT-PCR measurements of 
mlcrodissected GC cells from tonsils 
showed that GC cells had low expression 
of BCL2 transcripts commensurate with 
the low protein expression level. These 
results are in agreement with micro-array 
studies on fluorescence-activated cell 
sorter (FACS>-sorted cells and mlcrodis- 
sected GC cells. We also examined BCL2 



mRNA and protein expression on a series 
of 30 cases of diffuse large B-cell lym- 
phoma (DLBCL) and found, in general, a 
good correlation. The results suggested 
that BCL2 protein expression Is regulated 
at the transcriptional level In normal B 
cells and In the neoplastic cells In most 
B-cell lymphoproliferative disorders. 
(Blood. 2004;104:2936-2939) 

O 2004 by The American Society of Hematology 



Introduction 



UCl.2 was identified in follicular . lymphoma (FL) cells, the 
neoplastic counterpart of normal germinal center (GC) B cells, with 
the t(14;18)(q32;q21) chromosomal translocation. 12 Translocation 
of BCL2 at 18q21 to the proximity of the immunoglobulin heavy 
chain (IgH) enhancer at I4q32 up-regulates BCL2 gene expression 
and confers resistance to apoptosis. B-cell lymphoma 2 (BCL2) 
protein is expressed in 89% of FI ,s with t(14;18), in contrast to 25% 
of those without t(J4;1.8). 3 Normal GC B cells have a very low 
level of BCL2 protein expression (Figure 1A). However, there 
were reports of high expression of BCL2 mRNA in GC B cells," 6 
leading to the conclusion lhal BCL2 protein expression is regulated 
at the postlranscriptional level. However, a number of recent 
studies contradicted the previous reports of high BCL2 mRNA 
expression in GC B cells, including several microarray gene 
expression profiling studies (Figure IB). 7- " 

Microarrays do not provide a very precise measurement of 
mRNA level and the experiments were performed on fluorescence- 
acuvated cell sorter (FACS)-isolatcd cells. To obtain more precise 
measurements and to direcdy measure BCL2 mRNA expression in 
GC B cells, we used real-time polymerase chain reaction (PCR) 
and Standardized Reverse Transcriptase-PCR (StaRT-PCR) stud- 
ies to determine the level of BCL2 transcripts in laser capture 
microdissected normal lymphoid tissues. Wc also compared the 
BCL2 protein expression in 30 cases of diffuse large B-cell 
lymphoma (DLBCL) with microarray-determined BCL2 mRNA 
expression levels. Our results clearly showed that GC B cells have 
low expression of BCL2 transcripts paralleling the low protein 
expression level. There is also a good correlation between mRNA 
and protein expression in DLBCL. 



Study design 

Laser capture microdissection (LCM) 

To defect mRNA expression of BCL2 in norma) GC mantle zone (MNZ), 
and marginal zone (MGZ) cells, we dissected these 3 compartments from 
snap-frozen reactive tonsils iw spleen* using I.CM (Arctunis PixCcll II 
System, Mountain View. CA). DNA-free RNA was extracted using 
Absolutely RNA MicroRNA Isolation Kit (Stratugene. La Jolla, CA) and 
was reverse transcribed into cDNA for analysis. Informed consent was 
obtained, and the Institutional Review Board of the University of Nebraska 
approved this study. 

Quantitative RT-PCR assay 

The expression of BCL2, relative to the housekeeping gene (3-actin 
(ACTB), was measured by real-time PCR as described previously. 13 
StaRT-PCR is a competitive quantitative RT-PCR assay performed by Gene 
Express Inc (Toledo, OH). 

Immunohistochemistry for BCL2 

Formalin-fixed, paraffin-embedded 5-u.m tissue sections were stained willi 
BCI.2 (clone 24) antibody (Dako, Carpinteria, CA) as described previ- 
ously. w BCL2 immunnstaining was scored semiquantitatively combining 
the intensity of staining with the proportion of cells positive for the stain 
(intensity of staining graded as 1 +. 2+. and 3+; and the % of cells positive 
graded as 1+ [10*-25%|, 2+ [25%-75%]. 3+ [> 75%]; BCL2 pnitein 
index = intensity score X numeric positive score). 

Analysis of cDNA microarray data 

We correlated BCL2 protein expression and BC12 mRNA level measured 
by cDNA microamiy in a series of previously reported DLBCL cases.'' Of 
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Figure 1 . BCL2 expression in GC B cells. (A) BCL2 in paraffin-embedded reactive tonsil. The iissue section was stained with the avidin-obbn-poroxidase complex (ABC) 
method. QC B celts are negative for 8CL2, whereas MNZ B cells show strong positive staining. Scattered BCL2-posilivo t cells are seen in thn GC. The image was acquired 
using an Arctunjs PixCell II microscope (Mountain View, CA): the image is 200X original magnification (ZOX ohjeclive) and was captured using the PixCell II Image Archiving 
workstation. (B) BCi.2mRNA expression on LymphOChip and oligonucleotide array. Previously published data revealed low expression of mRNA in GC B cells, (i) l.ymphochlp 
analysis." (ii) Asymetrix Chip analysis. 10 CB Indicates centroblast; CC, centrocyte; N, naive B cell; and M, memory B cell. Also note tho high expression ot SCi.? message in 
CIL and FL. Only clone 232714 measures truncated transcripts resulting from translocation of the BCL2 gene at the major breakpoint region. (C) BCL2 expression in 
microdissected germinal center (GC). mantle zone (MNZ), and marginal zone (MGZ) cells measured by real-time PCR (i) and StaRT-PCR (ii). Standard deviation from 3 
independent experiments is shown. 



the 3 different BCL2 clones (232714. 342181, 1336385 ) on the Lympho- 
chip microarray, only clone 232714 with u inure 5' sequence could measure 
message with a truncated 3' end due to translocation at the major breakpoint 
region. 14 However, clone 232714 is located far from the 3' end of the 
transcript and may Tail to accurately measure the normal BCL2 transcripts. 
We used the mean values measured hy the 13CL2 clones that arc located 
close to the 3' end (3421 8 1 . 13.36385) of the transcript to represent the gene 
expression level in cases where this mean value was greater than the 
measurement by clone 2327 14. 



Results and discussion 

BC.I2 is an antiapoptosis factor important in normal B-cell development 
and differentiation. 15 Previous reports showed thai both naive and 
memory B cells have detectable BCL2 protein expression, whereas both 
ccntroblasts and centrocytes in normal GCs express very low levels of 
BCL2. 7 There were tt number of snkiies reporting thai GC B cells 
contained abundant BCL2 mRNA and hence suggested that BCL2 
panein expression may be regulated at a posttranscriptional level.** We 
and others have observed low mRNA expression in gene expression 
profiling studies of purified GC B cells.'' 12 which contradict previous 
reports. In 2 previous studies using in situ hybridization, the oligonucle- 
otide probe used was complementary to 105 to 134 of the translated 
region of BCL2 containing 100% G and C sequence, A basic local 
alignment search toot (Bl AST) search of this sequence showed 18- to 
l°-bp stretches that are identical to known human transcripts (eg, HRY, 
HSVKCI) and might lead to nonspecific binding. 

We used the more accurate quantitati ve PCR assays on microdis- 
sected whole GC, MNZ, and MGZ cells to provide independent 
confirmation of the microarray data. Real-time PCR showed that 



naive . and memory B cells expressed 4- to 10-fold more BCL2 
mRNA than GC B cells, even though more T cells that expressed 
BCL2 mRNA were present in the GC than in the MNZ and MGZ 
compartments (Figure ICi). StaRT-PCR, a competitive quantitative 
PCR assay using BCL2 primers (Fl and R I ) about 900 bp upstream 
of our real-time PCR primer pairs (F2 and R2; Table 1). confirmed 
die real-time PCR results (Figure ICii). BCL2 mRNA level in GC 
B cells (1.6 X 10 1 BCL2 molecules/10 6 ACTB molecules) was 
markedly lower than in MNZ cells (1 .8 X f 0 1 BCL2 molecules/1 Of' 
ACTB molecules) and MGZ cells (7.8 X lift BCL2 molecules/10" 
ACTB molecules; Figure 1C). These results on tissue compart- 
ments were in agreement with previous reports where FACS-sorted 
GC B cells had much lower expression of BCL2 than in activated 
and resting blood B cells and naive and memory B celts 9 (Figure 
IB), Microarray experiments showed an increased expression of 



Table 1. BCL2 primers and probe sequences used 
In quantitative RT-PCH 



Primers* 



Sequence (S'-3') 



Ft 



R1. 
F2 



TTTTAQOAOACCGAAGTCCG 



AGCCAACGTTXCATCTGCTA 
TTGCTTTACUTtXJCCTUTTTC 



Length of the product 

392 bp (BCL2, «xoo3): ■ 
StaRT-PCR 



94bp(BCL2,exon3) 
Real-time PCR 



R2 (;aacaccctoaagsacagccat 
BCL2 probe FAM- cccacccaoacccctcctucc- 

TAMRA 



F indicates forward; and R, reverse. 

'F1andR1 were applied in StaRT-PCR and F2 and 82 were used in raaWmaPCR. 
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Figure 2. The correlation between BCL2 protein and mRNA expression level. (A) Correlation otBCL2 protein index with BCL2 mRNA measured hy cDNAmicroarray in 30 
cases of DLBCL. Protein index was generated based on the scores of staining intensity and the percentage of positive cells with Immunohlstochemlstry. RNAwas measured 
with the Lymphochip rrecroarray. 1 ' Each row represents measurements by a.separale cONA clone on the mlcroarray. Gene expression Is represented by the ratio between each 
experimental mRNA sample to the reference mRNA standard and is depicted according to the color scele shown at the bottom. Gray indicates missing or excluded data. (B) 
Scatter plot between BCL2 mRNA expression on cDNA mlcroarray and BCI.2 protein index measured by immunohistochemlstry. BCL2 mRNA expression was calculaled as 
detailed in "Study design" to more accurately reflect the true expression levels O- The least squares fit line indicates good correlation (r = 0.8 1 ) of BCL2 protein level with BCL2 
mRNA level. 
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DCL2 inRNA in follicular lymphoma (FL) and chronic lympho- 
cytic leukemia (CLL), neoplastic conditions that are known to be 
very frequently BCL2 protein positive. In DLBCL, BCU mRNA 
expression was more variable. However, there is good correlation 
between BCL2 protein expression level measured by immunohislo- 
chemistty and inRNA level treasured from microanay analysis. 
(Figure 2B; r = 0.81). 

F.xpcrimenrs using FACS-sorted and microdissected cell popu- 
lations indicated that BCL2 protein expression paralleled BCL2 
mRNA expression and BCL2 transcript is not present at a high level 
in GC B cells as previously reported. Hence, BCL2 protein 
expression in GCs is likely regulated ta ihe transctiplional level. 
There is also a good correlation between BCL2 mRNA and protein 
expression in B-cell neoplasias, suggesting that BCL2 protein 
expression is similarly regulated in most B-cell malignancies 
(Figures IB and 2A-B). However, our study docs not exclude the 
presence of modified BCL2 transcripts that may fine-tune the level 
of protein expression in certain situations. 16 

Recent studies have provided some insighl on the transcrip- 
tional control of the SCL2. Two promoters, PI (5') and P2 (3'), can 
regulate BCL2 transcription, 17 and PI is the active one in normal B 
cells. Depending on the cell type and differentiation stage, various 
transcription factors and regulatory elements have been detnon- 

References 



stiated to regulate the expression of the BCL2 gene. BCL2 
expression has been found to be regulated by transcription factors 
such as Aiolos and /or c-Myb in T cells, 18 ' 1 '' cyclic adenosine 
monophosphate (cAMP)-respoitsive element-binding proteins in 
B cells,*' and the Brn-3a iwu family proteins in neuronal cells. 11 
Transcription factors of the nuclear factor kB (NF-kB) family, such 
as p50 homodimers, may contribute to the enhancement of BCI.2 
transcription. 12 Negative regulatory elements that may interact with 
p5.V 3 the Fxs family proteins in pre-B cells, 21 and Rel/NF-kB in 
pro-B cells have also been described. 23 In addition, Wilms tumor I 
(WT1) protein has teen shown to repress BCL2 activity in HcLa 
cells and B cells. 26 Further experiments on the transcriptional 
regulation of BCL2 in the GC will lead to a better understanding of 
the mechanism controlling BCL2 prolein expression in B 
lymphocytes. 
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Abstract 

The steady stale transcript levels of the four hexokinase (HK) isozymes and four glucose transporter (GLUT) isoforms 
were determined quantitatively by Northern analysis of RNA samples from rat tissues using synthetic fragments of the 
RNAs encoding the HK isozymes and GLUT isoforms. Results showed that the levels of HK isozyme transcripts were low 
in rat tissues, the level of that most highly expressed, the type I isozyme (HKI), in the brain being 0.025% of the total 
poly(A) + RNA. A good correlation was found between the reported HK activities and the total amounts of transcripts 
encoding all HK isozymes in various tissues, showing that the HK activities in tissues can be estimated from the total 
amount of transcripts encoding HK isozymes. The proposed associated expressions of HK isozymes and GLUT isoforms in 
particular tissues were confirmed at their transcript levels. The steady state transcript levels of type 11 HK and the type I 
GLUT isoform in the malignant tumor cell line AH130 were also determined quantitatively. © 1998 Elsevier Science B.V. 
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1. Introduction 

The uptake of glucose and its phosphorylation are 
major processes in cellular glucose metabolism. In 
mammalian cells, four isoforms of the transporter 
(GLUT1 to GLUT4) are known to facilitate the up- 
take of glucose through the plasma membrane (for 
recent reviews, see [1-5]). GLUT1 is expressed in a 
variety of tissues, and so is thought to be responsible 



Abbreviations: GLUT, glucose transporter, HK, hexokinase; 
SSC, saline sodium citrate; RT-PCR, reverse transcription fol- 
lowed by the polymerase chain reaction; BAT, brown adipose 
tissue; WAT, white adipose tissue 
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for "basal" glucose uptake in various cells. On the 
other hand, the expressions of the other isoforms arc 
tissue specific: GLUT2 is predominantly expressed in 
the liver, pancreatic (3-cells, small intestine and kid- 
ney, GLUT3 in the brain, and GLUT4 in muscles and 
adipose tissue [1-5]. 

The first step in the sequential reactions in glucose 
metabolism is catalyzed by the four (type T to IV) 
isozymes of hexokinase (HK) (for reviews, see [6,7]). 
As type I HK (HKI) is expressed predominantly in all 
tissues except skeletal muscle and liver, it is consid- 
ered as the "basic" HK, like GLUT1 of the GLUT 
isoforms. Expression of the type II isozyme (HKII) is 
highest in skeletal muscle and adipose tissue, that of 
the type III isozyme (HKIII) at very low levels in all 
tissues, and that of the type IV isozyme (HKTV), 
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usually known as glucokinase (GK), at high levels in 
the liver and pancreatic (3-cells (for reviews, see 
[8-10]). 

Based on these tissue specific distributions of the 
GLUT isoforms and HK isozymes, their associated 
expressions have been postulated [9,10]: GLUT1 with 
HKI, GLUT4 with HKTI, and GLUT2 with HKIV. 
However, these combinations were mainly concluded 
from the qualitative transcript levels of the GLUT 
isoforms and enzymic activities of the HK isozymes. 
For understanding the mechanisms controlling energy 
metabolism in various tissues, quantitative compari- 
son of their transcript levels in various tissues is of 
importance. Therefore, in this study, we analyzed the 
steady slate transcript levels of GLUT isoforms and 
HK isozymes quantitatively using synthesized RNA 
fragments. We also determined the transcript levels 
of HKII and GLUT1 in the malignant tumor cell line 
AH130. 



2. Materials and methods 

2.1. Materials 

Isogen, used in purification of RNA, and an in 
vitro RNA synthesis kit were purchased from Nippon 
Gene (Tokyo). Tag DNA polymerase, a BcaBEST 
DNA labeling kit and Oligotex dT < super > were 
from TaKaRa Shuzo (Kyoto). [a- 32 P]dCTP (specific 
radioactivity, 1 1 1 TBq/mmol) was from Amersham 
(Bucks., U.K.). The multifunctional phagemids 
pTZ18R and pTZ19R were obtained from Toyobo 
(Osaka) and from Riken DNA Bank (Wako), respec- 
tively. 

2.2. Construction of plasm ids and preparation of 
cDNA probes 

All cDNA fragments except that of HKI were 
prepared by RT-PCR as described previously [11,12] 
using first strand cDNAs prepared by reverse tran- 
scription of mRNA as templates. The cDNA frag- 
ments of GLUT isoforms with nucleotide sequences 
414-929 for GLUTt [13], 507-951 for GLUT2 [14], 
278-771 for GLUT3 [15] and 242-799 for GLUT4 
[16] and those of HK isozymes with nucleotide se- 
quences of 1615-2133 for type II [17], 2250-2677 
for type III [18] and 116-696 for type IV [19] were 



amplified. A cDNA clone of rat HKI was obtained 
from a cDNA library of rat heart (Clontech, code 
RL1006b). The inserted cDNA fragment of HKI was 
subcloned into pUC19 vector using restriction sites of 
EcoRl that were added artificially during preparation 
of the library. From this plasmid, a cDNA fragment 
of about 510bp corresponding to nucleotides 937- 
1452 [20], prepared by digestion with EcoRI and 
Ncol, was used for construction of the expression 
vector. These cDNA fragments were subcloned into 
the multifunctional phagemid pTZ18R or pTZ19R, 
and after confirmation of their nucleotide sequences, 
the plasmids obtained were digested with the restric- 
tion cndonucleases at the multicloning sites. The 
inserted cDNA fragments were gel-purified and used 
as probes in Norlhern blotting. As we used different 
regions of the entire cDNAs encoding GLUT iso- 
forms and HK isozymes as probes, the cross-hybridi- 
zations between probes and RNA samples could not 
be examined by Northern blot analysis. However, on 
use of high stringency hybridization conditions, the 
degrees of cross-hybridizations of al! probes used in 
this study were estimated to be less than 5% by 
Southern blot analysis (data not shown). 

2.3. Preparations poly(A) + RNA samples from rat 
various tissues 

RNA samples Of various tissues were obtained 
from 4-week old male Wistar rats fed on standard 
laboratory chow with water ad libitum at 24°C. Tis- 
sues from five rats were pooled and total RNAs were 
purified with Isogen by the method recommended by 
the supplier, which was essentially based on the 
report of Chomczynski and Sacchi [21]. Poly(A) + 
RNA was purified from total RNA using oligotex dT 
< super > . 

2.4. Preparation of synthetic RNA fragments 

Fragments of the RNAs encoding GLUT isoforms 
and HK isozymes were prepared as follows. First, for 
obtaining double stranded linear DNA, the expression 
vectors prepared as described above were digested at 
the 3'-terminus of the inserted cDNA fragment and 
digested plasmids were precipitated with ethanol. 
With 1.0 p.g samples of these linearized DNAs as 
templates, the RNA fragments encoding GLUT iso- 
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forms and HK isozymes were transcribed using T7 
RNA polymerase. After complete digestion of tem- 
plate DNA with DNasel, synthesized RNA fragments 
were purified by phenol/chloroform extraction and 
then repeated ethanol precipitation. The concentra- 
tions of RNA samples were determined spectoropho- 
tometrieally in a Shimadzu spectrophotometer, model 
UV-160. 

2.5. Northern blotting and quantitative determination 
of transcript levels 

Northern blotting was carried out essentially as 
described previously [22,23]. Briefly, RNA was sub- 
jected to electrophoresis in 1 .0% agarose containing 
formaldehyde, transferred to a nitrocellulose mem- 
brane, and hybridized by the standard procedure. 
Unless otherwise noted, samples of 1.0 jig of 
poly(A) + RNA obtained from various normal tissues 
of Wistar rats and 1 0-1 00 pg of synthesized RNA 
fragments were used for analyses. After hybridization 
with probes, the membranes were washed three times 
with 2 X saline sodium citrate (SSC) containing 0.1% 
SDS at room temperature for lOmin and twice with 
1 XSSC containing 0.1% SDS at 60°C for 30min 
each time and exposed to X-ray film with an intensi- 
fying screen at -80°C. The amount of each tran- 
script was determined from its intensity in the auto- 
radiogram with an ATTO image analyzer model AE- 
6900 connected to a Macintosh model Quadra 650. 
The amount of each transcript was normalized based 
on the intensity of the hybridization signal observed 
with the corresponding synthesized RNA fragment 

For staining of the transferred RNA, the membrane 
was first soaked in 5% acetic acid for 15min, then 
immersed in solution containing 0.04% methylene 
blue and 500 mM sodium acetate (pH 5.2) for lOmin 
and washed with water for 10 min. 



3. Results 

3.1. Purity of synthesized RNA samples 

For quantitative evaluation of transcript levels, it is 
important to determine the exact concentrations of 
synthesized RNA samples and their high purities. 
Contaminating free nucleotides in (he RNA samples 
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Fig. I . Dcnaturaiion agarose gel electrophoresis of synthesized 
RNA samples of HK isozymes and GLUT isoforms. After syn- 
thesis of RNAs, template DNAs were completely digested with 
DNasel. Then after elimination of the DNasel by phenol/chloro- 
form extraction, RNA samples were purified by repeated ethanol 
precipitation. For confirmation of their purities and concentra- 
tions, a fixed amount of each RNA- sample (2.5 (ig) was sub- 
jected lo electrophoresis in denaturing agarose gel. The RNA 
samples were transferred to a nitrocellulose membrane and stained 
by methylene blue. 1 to IV and 1-4 represent RNA samples of 
HKI tn HKIV and GLUT1 to GI.UT4, respectively. The panel 
labeled "DNA" shows results on electrophoresis of the cl)NA 
fragments used as probes in non-denaturing agarose gel. 

used as substrates in RNA synthesis would increase 
the "apparent" concentration of RNA samples. Thus, 
wc first purified synthesized RNA samples by re- 
peated ethanol precipitation to eliminate contaminat- 
ing free nucleotides completely. The extent of elimi- 
nation of free nucleotides from the synthesized RNA 
samples was examined by measuring the optical ab- 
sorbance of the filtrate obtained by centrifugation of 
RNA samples in Ultrafrce C3-LGS (Milliporc, cut-off 
M.W. = 10000) at 4500X4' for 20 min and was 
concluded to be negligible in all RNA samples (data 
not shown). Then, after determination of the concen- 
trations of synthesized RNA samples from their ab- 
sorbances, we further examined the purities and 
amounts of RNA by denaturing agarose gel elec- 
trophoresis. As shown in Fig. 1, results showed that 
all the synthesized RNA samples gave a single band 
of the same intensity at the expected site of migra- 
tion. Therefore, their purities were concluded to be 
high enough for further quantitative analyses. 

3.2. Steady state transcript levels of HK isozymes in 
rat tissues 

Next, we analyzed the steady state transcript levels 
of the four HK isozymes in rat normal tissues. For 
this, samples of 1 .0 u.g of poIy(A) 1 RNA obtained 
from rat brain, heart, kidney, liver, skeletal muscle, 
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and while and brown adipose tissues (WAT and 
BAT) were subjected to electrophoresis and trans- 
ferred on nitrocellulose membranes. Four membranes 
with each of these samples prepared in this way were 
used for hybridization with probes. As shown in Fig. 
2, the transcript of HKI was observed in all tissues 
except liver; the signal was strongest in the brain, and 
the intensities in the heart, kidney and WAT were 
almost the same, while those in skeletal muscle and 
BAT were very weak. The signal of HK1I was weak 
in heart, skeletal muscle and adipose tissues. HK1II 
gave no significant signal except a weak one in brain. 
Expression of HKIV was only observed in the liver. 



HKI 



^M/M x\'K,j^§M^:^\ ■ * III 



HKI 



HKIE 




HKIV 



Fig. 2. Steady state transcript levels of the four HK isozymes in 
various rat tissues. Samples of 1 u-g of poly(A) + RNA obtained 
from various tissues were subjected to denaturing agarose gel 
electrophoresis, transferred to nitrocellulose membranes and hy- 
bridized with probes. I to IV show results for synthesized RNA 
samples encoding HKI to HKIV. respectively. 



3.3. Qucuititative determinations of the steady state 
transcript levels ofHK isozymes 

In general, the steady state transcript levels of 
particular proteins in various tissues can be compared 
by the intensities of their hybridization bands, as 
described above. However, it is difficult to compare 
the amounts of the transcripts of different isoforms or 
isozymes exactly due to the different specific radioac- 
tivities and the affinities of the probes with tran- 
scripts. Therefore, we measured the intensities of 
hybridization bands with known amounts of synthe- 
sized RNA fragments used as standards. As the steady 
state transcript levels of these four HK isozymes 
were markedly different in various tissues, we used 
various amounts of RNA fragments of the four 
isozymes to determine the amount of each transcript 
exacdy; lOOpg tor HKI, 20pg for HKII, 10pg for 
HKII1, and 20pg for HKIV. As the hybridization 
intensity of the synthesized RNA fragment of HKII 
used as external standard was not different from that 
in the presence of poly(A) 4 " RNAs of WAT, it was 
concluded that presence of irrelevant RNAs did not 
cause any changes in the hybridization intensities of 
synthesized RNA fragments. In addition, we exam- 
ined the purity of poly(A) + RNA from the steady 
slate transcript levels of B-actin in these RNA sam- 
ples. Results showed that the transcript levels of 
^-actin were not markedly different in RNA samples 
from various tissues (data not shown). Therefore, the 
transcript levels of these HK isozymes in different 
tissues could be determined quantitatively based on' 
the assumption that the probes hybridize with the 
synthesized RNA fragments and transcripts in various 
tissues equally and gave the same signal intensity. 

Table 1 shows normalized values for the steady 
state transcript levels of HK isozymes in various 
tissues. HKI, the most abundantly expressed HK 
isozyme, was found in the brain at a level of 
0.382 fmol/p-g of po!y(A) + RNA. Of the four 
isozymes, the level of HKIII was the lowest, its 
highest level being only 0.006 fmol/u-g of poly(A) + 
in the brain. Assuming that the average length of 
transcripts was 2.0 kb, the total amount of transcripts 
in 1.0 |xg of poly(A) + RNA was calculated to be 
1.52pmol. Therefore, even in the brain, the amount 
of transcripts encoding HKI was estimated to be only 
0.025% of the total polv(A) + RNA, indicating a very 
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Table 1 



Amounts of transcripts encoding the four isozymes of hexokinase in normal rat tissues 


Tissue 


HK1 


HKII 


HKHI 


HKIV 


Total (relative amount in %) 


Brain 


0.382 


0.010 


0.006 


ND 


0.398 (100) 


Heart 


0.130 


0.074 


ND 


ND 


0.204(51.3) 


Kidney 


0.079 


ND 


ND 


ND 


0.079(19.8) 


liver 


ND 


ND 


ND 


0.058 


0.058(14.6) 


Muscle 


0.009 


0.112 


ND 


ND 


0.121(30.4) 


WAT 


0.101 


0.170 


ND 


ND 


0.271 (68.1) 


BAT 


0.007 


0.156 


ND 


ND 


0.163(41.0) 



Values arc shown in fmol/p.g poly(A) + RNA. Numbers in parentheses in the column labeled "total" represent the sum of each 
transcript relative to that in brain. WAT and BAT: white adipose tissue and brown adipose tissue, respectively. ND: no hybridized band, 
or loo low signal intensity to be analyzed. 



1. 



I 



low level of transcripts of HK isozymes. The total 
amounls of the transcripts encoding these HK 
isozymes in various tissues were determined from the 
sum of amounts of the transcripts of all the HK 
isozymes. Results indicated that HKI and HKTI are 
the major determinants of the steady state transcript 
level of the HK isozymes. 

3.4. Quantitative analysis of steady state transcript 
levels of GLUT isoforms in various tissues 

Next, we determined the amounts of the transcripts 
encoding the four GLUT isoforms in RNA samples 
obtained from various rat tissues in the same way as 
for HK isozymes. As shown in Fig. 3, the tissue 
distributions of these four GLUT isoforms were es- 
sentially the same as those reported previously [13- 
16,24-26]. For quantification of the transcript levels. 
Northern blot analysis was performed with fixed 
amounts of synthesized RNA fragments; 50 pg for 
GLUT1, lOOpg for GLUT2, 20pg for GLUT3 and 
100 pg for GLUT4. From the hybridization intensities 
of these RNA fragments, the amounts of transcripts 
were determined quantitatively as summarized in 
Table 2. 

The transcribed levels of HK isozymes in various 
tissues were markedly different, but those of the 
GLUT isoforms were less, the maximum difference 
being about 5-fold between the highest level of 
GLUT4 in muscle (0.699 fmol/(xg of poly(A) + ) and 
the lowest level of GLUT3 in the brain 
(0.139 fmol/|xg ofpoly(A) + RNA). In addition, the 
results in Tables 1 and 2 showed the specific associa- 
tion of the expressions of certain HK isozymes and 



GLUT isoforms, as suggested previously [9,10]: HKI 
with GLUT 1 , HKTI with GLUT4 and HKTV with 
GLUT2. 



A 



GLUT1 



GLUT2 



GLUT3 



N <V 1> fc 





GLUT4 



Fig. 3. Steady state transcript levels of the four GLUT isoforms 
in various rat tissues. Samples of lu,g of poly(A) + RNA from 
the indicated tissues were analyzed as described in the legend of 
Fig. 2. Results Tor synthetic RNA samples encoding GLUT1 to 
GLUT4 are shown in columns 1-4. 
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Table 2 

Amounts of transcripts encoding the four GLUT isoforms in normal rat tissues 



Tissue 



GLUT1 



GLUT2 



GLUT3 



GLUT4 



Total (relative amount in %) 



Brain 


0.297 


ND 


0.139 


ND 


0.436 (100) 


Heart 


0.019 


ND 


ND 


0.288 


0.307 (70.4) 


Kidney 


0.076 


ND 


ND 


0.018 


0.094 (21.6) 


Liver 


ND 


0.616 


ND 


ND 


0.616(141.3) 


Muscle 


0.01 1 


ND 


ND 


0.699 


0.710(162.8) 


WAT 


0.090 


ND 


0.045 


0.464 


0.599 (137.4) 


BAT 


ND 


ND 


ND 


0.239 


0.239(54.8) 



Values are shown in fmol/u,g poly(AV RNA. For details, see legend to ThWc 1. 



3.5. Quantitative analysis of steady state transcript 
levels of GLUT1 and HKII in the malignant tumor 
cell line AH130 

We found previously that the steady state tran- 
script level of HKII was specifically and remarkably 
elevated in a synchronized manner with that of 
GLUT1, in rapidly growing poorly differentiated ma- 
lignant tumor cell lines such as rat AH 130 [12,23]. 
Therefore, we next determined their absolute amounts 
in AH 130 cells by the method described above. The 
amounts of the transcripts encoding HKII and GLUT1 
expressed in : AH130 cells were determined to be 2.5 
and 18.5 fmol/ jig of poly(A) + RNA, respectively. 
These values are significantly greater than those ob- 
served in normal tissues. As described above, the 
highest transcript level of HKJI was observed in 
white adipose tissue (0.170fmol/p.g of poly(A) + 
RNA) arid that of GLUT1 in the brain 
(0.297 fmol/|xg of poly(A) + RNA). Namely, the 
transcript levels of HKTI and GLUT1 in AH130 cells 
were approximately 15 and 62 times those in normal 
tissues, respectively, corresponding to about 0.16% 
and 1.22% of the total poly(A) + RNA species, re- 
spectively. 



4. Discussion 

The transcript levels of particular proteins have 
usually been compared by northern blot analysis us- 
ing the same amounts of mRNAs. However, this is 
not possible for quantitative determination of the 
transcript levels of different mRNA species due to 
the differences in the specific radio activities and 
affinities of the probes. For quantitative determina- 



tion of the transcript levels of proteins in various 
tissues by Northern analysis, the intensities of hy- 
bridization bands of mRNA samples with probes 
must be normalized by the hybridization intensities 
with exact amounts of synthesized RNA fragments. 
By this procedure, the amount of a steady state 
transcript encoding certain protein can be determined 
exactly and compared with those of other proteins. 
To our knowledge, this method was first carried out 
by Stepien et al. [27] for determination of the tran- 
script levels of three isoforms of the human mito- 
chondrial adenine nucleotide translocator (ANT1-3) 
in various tissues. 

In this study, based on the method of Stepien et al. 
[27], we determined the "absolute" amounts of the 
HK isozymes and GLUT isoforms transcribed. For 
this, we first synthesized RNAs of HK. isozymes and 
GLUT isoforms and determined their concentrations 
exactly. Then, we determined their steady state tran- 
script levels quantitatively in normal rat tissues and 
the transcript levels of HKII and GLUT! in the 
malignant tumor cell line AH130. Results showed 
that the transcript level of HKI in the kidney was as 
low as 0.0052% of the total poly(A) + RNA (Table 1, 
0.079 fmol/^g of poly(A) + RNA ( = 1.52 pmol)). 
This value was in accordance with the results of 
cDNA screening. Namely, Nishi et al. [29] reported 
that on molecular cloning of cDNA clones encoding 
HKI from a cDNA library of human kidney, 79 
clones of 1 X 10 6 phages gave positive signal in the 
first screening. This finding indicates that the amount 
of HKI mRNA is 0.0079% of the total mRNA. 
Similarly, from the yield of glucokinase from the 
liver, the content of glucokinase in total liver proteins 
was estimated to be as low as 0.005% by Andreone et 
al. [19]. The present study indicated a similar value of 
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0.0038% (Table 1). Thus, the results of the present 
study are in accord with reported results. In this 
study, we expressed the amount of a particular mRNA 
relative to total poly(A)"' RNAs in the tissue cells. 
When the total amount of poly(A) + RNAs in cells 
changes markedly, description of the amount of tran- 
script relative to the total amount of cellular DNA 
might be useful. 

The total amounts of transcripts encoding the four 
HK isozymes in various tissues were determined 
from the sums of the amounts of each transcript as 
shown in Table 1. The relative transcript levels in 
various tissues were in the order, brain (100), white 
adipose tissue (68), heart (51), brown . adipose tissue 
(41), skeletal muscle (30), kidney (20) and liver ( 1 5). 
It is interesting that the same order was observed in 
the HK activity in various tissues except skeletal 
muscle, although the specific enzyme activities of 
HK isozymes were different, being in the order: brain 
(100), heart (62), kidney (49), liver (15) and skeletal 
muscle (10) [30]. Therefore, the sum of the amounts 
of transcripts could be a useful parameter of the total 
HK activities in various tissues. The exceptional low 
HK activity in skeletal muscle from that expected by 
the steady state transcript level could be because 
expression of the most abundant type 11 HK in skele- 
tal muscle is known to depend greatly on the contrac- 
tile activity (more than 30-fold) [31]. Therefore, the 
activity and transcript level of HKII in skeletal mus- 
cle may vary remarkably in different samples. 

We confirmed in this study that a certain HK 
isozyme is expressed in association with a particular 
GLUT isofonn in various tissues: HKI with GLUT1, 
HKII with GLUT4, and HKIV(GK) with GLUT2 
[9,10]. Therefore, the expressions of these HK 
isozymes and GLUT isoforms could be regulated by 
the same mechanisms. The molecular mechanisms of 
the transcriptional regulations of GLUT isoforms and 
HK isozymes in various tissues has been studied 
extensively [8-10,32,33], but it is still unknown 
whether the expressions of HK isozymes in a particu- 
lar tissue are regulated by the same mechanism as 
those of the GLUT isoforms. To understand the 
mechanisms regulating energy metabolism in various 
tissues, it is important to examine how the associated 
expressions of HK isozymes and GLUT isoforms in 
tissues arc regulated. 

According to the "general association" concept 



[9,10], expression of HKI is associated with that of 
GLUT1 in normal tissues. Recently, we found a 
novel association of HKII with GLUT1 in various 
malignant tumor cells (submitted for publication and 
also Ref. [ 1 2])- This finding was confirmed by quanti- 
tative determinations of the transcript levels of HKII 
and GLUT1 in AH 130 cells, which showed that the 
transcriptional regulations of HKII and GLUT! in 
malignant rumor cells are different from those in 
normal tissues. Recently, two enhancer elements that 
are responsive to serum, growth factor and oncogenes 
were found in the gene encoding the GLUT1 isoform 
[33]. The gene encoding HKII has been studied ex- 
tensively [1 1,12,28,34-40], but the mechanism of its 
transcriptional regulation during carcinogenesis is not 
yet understood. Studies on the molecular mechanism 
of its transcriptional regulation in rcladon to that of 
the GLUT1 gene in tumor cells are in progress. 
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ABSTRACT 

To determine whether the transcription factor activator 
protcin-1 (AP-1) could be modulated by ultraviolet A 
(UVA) exposure, we examined AP-1 DNA-binding activ- 
ity and troosactivation after exposure to UVA in the Ira- 
nian immortalized keratinocyte cell line HaCaT. Maxi- 
mal AP-1 tronsacUvation was observed with 250 kj/ni 1 
UVA between 3 and 4 b after irradiation. DNA binding 
of AP-1 to the target 12-0-tctradccanoylphorbol-13-acc- 
tate response dement sequence was maximally Induced 
\-&tt after irradiation. Both de novo transcription and 
translation contributed to the UVA-indnced AP-1 DNA 
binding, c-Fos was implicated as a primary component 
of ttic AP-1 DNA-biqding complex Other components of 
the complex included Fra-2, c-Jun. JunB and JunD. UVA 
irradiation Induced protein expression of c-Fos, c-Jun, 
Fra-1 and Fra-2. Phusphoryiated forms of these Induced 
proteins were determined at specific lime points. A 
strong correlation misted between UVA-lnduced AP-1 
activity and accumulation of c-Fus, c-Jun and Fra-1 pro- 
teins. UVA irradiation also induced Q-fos and cjwb 
mRNA expression and transcriptional activation of the 
c-fos gene promoter. These results demonstrate that UVA 
irradiation activates AP-1 and that c-fos induction may 
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play a critical role in the response of these human ke- 
ratinocytes to UVA Irradiation. 

INTRODUCTION 

The major risk TdcUit for the development of nonmclanoma 
skin cancer is exposure to sunlight (1). The UV spectrum of 
solar radiation is subdivided into three regions: short wave- 
length ultraviolet C (UVC) (<280 nm), midwavelengcli ul- 
traviolei B (UVB) (280-320 nm) and long wavelength ul- 
traviolet A (UVA) (320-400 nm). Because stratospheric 
ozone completely absorbs UVC and a large portion of UVB, 
90-99% of the solar rudiurion at the earth's surface is UVA 
radiation (2). UVA radiation accounts for approximately 10- 
20% of the carcinogenic dose of sunlight (3). Although UVB 
is approximately 1 000-1 0000 times more carcinogenic per 
Ifmr thurt UVA (4,5), chronic UVA exposure alone hits been 
shown to induce phoroaging (6) and sldn tumors (papillomas 
and squamous cell carcinomas) (3,5.7) in experimental ani- 
mals. Much higher doses of UVA arc required to induce 
gene transcription, but these doses are environmentally at- 
tainable (8). 

Because UVA radiation is only weakly absorbed by bio- 
molecules such as DNA and proteins, its deleterious effects 
are manifested through the induction of oxidative dumuge. 
UVA-induced gene expression has been shown to involve 
the generation of singlet 0 2 after UVA absorption by ccllular 
chromopliores (9,10). 

Although a more prominent role of UVA in skin tumori- 
genesis has recently emerged, the precise signaling path- 
way^) that are activated in response to UVA have not been 
fully elucidated. Solar UVA radiation has been found to noo- 
enzymoiically trigger the ceramidc signaling cascade 
through singlet O2, resulting in activator protcin-2 (AP-2) 
activation and induction of intercellular adhesion moleculc- 
1 expression in cultured normal human fceratinocytes (9,1 1). 
UVA and singlet Oj activated c-Jtm NH r tcrminal kinase 
(JNK) and p38 but not extracellular signal-regulated kinase 
(ERK) mitogen-activated protein kinases (MAPK) in human 
skin fibroblasts (12,13). However, in human keratinocytes, 
UVA irradiation induced oxidative stress, ceramide produc- 
tion and activation of JNK, p3H and ERK MAPK (14). In 
normal human lymphoblast cell lines, Zhang et al (15) 
found that UVA irradiation induced apoptosis through the 
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activation of JNK via the sphingomyelinase-ceramide path- 
way. UVA radiation has also been found to induce the ex- 
pression or activation of heme-oxygenase 1, protein phos- 
phatase CL100. matrix metaUoprotcinases. phospholipid 
such as phospholipid Aj, nuclear factor kappa B (NF-kB), 
protein kinase C (PKC), signal transducers nnd activator* of 
transcription (STAT>1 and -3, the ribosoinal 56 kinases 
p70»K and p90>*K and activator protein- 1 (AP-1) (16-23). 

AP-1 is an important regulatory protein involved in Cell 
growth, differentiation, cellular stress and apoptosis that can 
be induced by growth factors, cytokines, 1 2-O-tetradeca- 
noylphorbol-13-aceiate (TPA) and transforming oncopro- 
teins (24). The AP-1 complex consists of heierodimers or 
Fos (c-F6s, Fra-1, Fra-2, FosB) and Jgn (c-Jun, JunB, JunD) 
family members or homodimers and heterodimers of Jun 
ramily members that bind to the TPA response element 
(TRE) in the promoters of AP-1-induciblc genes, contrib- 
uting to their transcriptional activation (24). 

Deregulated expression of the AP-1 complex has been 
shown to play a prominent, role in the promotion of skin 
tumors. Loss of AP-1 DNA-binding activity was correlated 
with loss of proliferation and induction of differentiation in 
human keratinocytes (25). Similarly, the lumorigenic phe- 
notypc of malignant mouse epidermal cells was suppressed 
by the stable expression of a mutant c-Jun protein that in- 
hibited AP-1 -mediated transcriptional transactivalion (26). 
Also, induction of AP-1 was detected in mouse epidermal 
JB6 cells that were susceptible to tumor promotion by TPA 
but not in resistant variants (27). Lastly, transduction of 
mouse keratinocytes with 'retroviruses encoding v~ras"° and 
\-fiis caused die malignant conversion of these cells (28). 
whereas mice lacking the e-ft>.i gene failed to develop ma- 
lignant skin tumors upon mt gene activation and rumor pro- 
motion (29). 

Increased AP-1 activity in response to UV irradiation has 
been reported previously. UVC irradiation oF the trans- 
formed cervix-derived carcinoma cell line, HcLa, initiated 
the Ras-Raf-MAPK signaling cascade and resulted in AP- 
1 activation (30). UVB-induccd AP-1 transactivaiion and in- 
duction of c-Fos were detected in JB6 murine epidermal 
cells (31,32). Recently, AP-1 activation was observed in cul- 
tured fibroblasts vising the natural sunlight spectrum-emit- 
ring UVA-340 energy source (33). Experiments using in vivo 
mouse models (SKH-1 hairless mice and AP-l-lucifcrasc 
transgenic mice) also detected UV-mduccd AP-1 activation 
(3435). 

Our laboratory has previously shown rhat UVB irradiation 
induces AP-1 activation in the human immortalized kerati- 
nocyte cell line HaCaT (36). This cell line contains two mu- 
tant p53 alleles but does not induce tumor* upon subcuta- 
neous injection into atbymic nude mice, lite cells form nor- 
mal epidermis when transplanted u> graph sites on these im- 
mune-compromised mice. Therefore, these cells are 
representative of initialed human skin cells and allow ex- 
amination Of the promoting effects of UVA irradiation. In 
light of the apparent role of AP-I in skin rumorigencsis and 
its involvement in UVB-induced signal transduction, we 
have begun to examine its potential role in UVA-induced 
signaling pathways leading to skin rumor promotion. The 
purpose of this study was to determine if UVA irradiation 
induced AP-1 activation, to characterize the UVA-induced - 
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Figure 1. Spectral inadiauce of die F20TI2/BIVHO UVA bulbs, 
(a) {radiance at 5.S em from the surface of interest: (b) Irradiance 
st 5-6 cm from the surface of interest through a 4 nun plate glass 
to filler wavelengths <320 nm. 



AP-1 complex and to determine the expression patterns of 
the AP-1 f amity members in these HaCaT cells. 

MATERIALS AND METHODS 

Cell culture. The human keralinocyle Cell line HaCaT was Stably 
iransfecied with a sequence from the human collagenase-1 gene pro- 
moter (-73 to +63), which contained one endogenous AP-1 binding 
site driving a lucifcrasc reporter gene (HCLM cells), bb rcpoitcd 
previously (36). HaCaT cells were alsu stably Irunsfected with u 
sequence trom the human c-fos gene promoter (-404 to +41) driv- 
ing u Iuciferose reporter gene (FL30 cells), as reported previously 
(36). These cells were cultured in Dulbecco modified Eagle medium 

(DMEM) supplemented with 10% feral bovine scrum, 100 unitn/mL 
prniciJlin-streptamycin at 37*C under 5% COj. Cells were grown to 
90-100% confluence und then serum-starved for 24-28 h before 
treatment. 

UVA imidiatiun. CeTJs were irradiated with a bank of four 
F20TI2/BL/HQ flunrcxceM IJVA bulb* (Natinnal Biological Com., 
Twjnsburg, OH) with a peak emission at 365 nm. The bulbs were 
powered try an Advance electronic ballast REL-4P32-RH-TP (120 
V, 60 Hx, 90 A) (Advance Traraformer Co., Chicago, IL). Four- 
nuHimetet plate glass was used to filter wavelengths hclow 320 nm 
(Fig. I). Irradiation doses were measured using a TJVX radiometer 
equipped with a UVX-36 sensor (UVP. Inc. Upland, CA). Irrailin- 
tion was performed in a sterile, well-ventilated laminar flow hood 
to eliminate the possibility of thermal stimulation. Cells were Irra- 
diated In phosphaie-buffcred saline (PBS) supplemented with 0-01% 
MgClj and 0.019b CaCI ; . Control cells were mock-irradiated under 
similar condi lions. To determine the potential effects of maintaining 
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cells in supplemented PBS tor extended periods of lime, a second 
set of control cells, which was kepi in scrum-free medium a! 37"C 
under 5% CG, for (be treatment duration, was ulso used (sf). Cul- 
tures were continued in serum. free DMEM until harvest, 

Ijicifcraxc assay forAP-l and c-fhs tra/tsaeiiMlbn. Total cellular 
protein was extracted in lysis buffer (IS inAf MgSCV 25 mM gly- 
cylglycine, 4 tnM ethylene glycoI-bis(p-urmnoeihyl ether)- 
W,yv,W',W'-cctraacatic acid [ECTA], 1% vol/vol Triton X-100. I toM 
dithiothreitol [DTT]). Lucifenisc activity of 30 ng total cellular pro- 
tein was measured using tlie TD-20/20 luminomcter (Turner De- 
signs, Sunnydalc, CA). 

FJej-.trophanaie. moiniiiy shift Nuclear protein lysaies were 
isolated using the method or Digoam ti at. (37). Gel shift assays 
were perfunned using 2 J ug nuclear protein, 1 ngr>l. p'Pl-dCTP- 
labeled double-stranded 22-mer TRE probe containing the AP-I 
binding site (TCACTCA) in (he context of the human collageitfise- 
I promuter und 1 "ng/iiL poly dldC to ensure minimal nonspecific 
binding. After a 10 min preincubation of nuclear protein and poly 
dldC ai room temperature, the labeled probe was added and incu- 
bated for an additional 20 min. DNA complexes were then electio- 
phorescd in 4.8U> polyacrylamidc gels: And exposed to Phosphor 
screens for analysis (Molecular Dynamics Inc., Sunnyvale, CA). Gel 
tirpenshifl assays entailed 3 preincubation of 2.5 ufi nuclear protein 
with increasing concentrations <>f antibodies (igarntt AP-1 family 
members at 4°C for 2 h, addition of poly dldC and incubation for 
10 in in at room temperature and. finally, uddiliun of Hie ["P]a- 
dCTP-labclcd TRE probe and incubation at room rempcrature for 
on additional 20 min. 

Western analysis. Total cellular protein was extracted in NPB 
buffer (ISO mM tiaCX 20 mM Tris pH 74, 1 nv« ethylenedia- 
minctctraacetic acid, 1 mM KGl'A. 24 mM Na 4 P«G;, 1 mM B-glyc- 
erol phosphate, I COM NiijVOa. 1 uig/mL leupeptin and 1% Triton 
X-100). Forty micrograms of total cell lysnle wus boiled in 4X sum- 
pie buffer (0.2 MTris pH 7, 8% sodium dodccyl sultatc, ISDSJ, 20% 
p-mertupweihanol and 12% sucrose), resolved on 12.5% SDS-poly- 
acrylamidc gets and transferred to Immobilon-P nylon membranes 
(MiUipore Corp., Bedford. MA). Membranes were blocked with 5% 
evaporated milk-lx Tris-burTcred saline with 0.05% Tween 20 
(TBST) for 2 h at room temperature or overflight at 4"C incubated 
with primary antibodies against AP-1 family members for 2 h M 
room temperature and then incubated wiih hofseradish-peroxidasc 
(HRP)-conjugated secondary antibodies for I h at mom temperature. 
Membranes were washed three rioics for 10 min each in IX TBST 
between antibody incubation*. All primary antibodies wen: obtained 
from Santa Cm* Biotechnology (SC). Santa Out. CA. except where 
indicated. All HKP-conjugiiled secondary antibodies were obtained 
from New. England Biolnbs inc. (NfcB). Bcveriy, MA. except where 
indicated. Antibody concentrations were as follows: c-Fos sc-8047 
at 1:1000 and anti-mouse secondary antibody (SC) at 14IKX); Hra- 
2 sc-604 at 1:1000 and ami-rabbit secondary antibody (SC) at 1: 
40000; Fre-1 sc-605 ut 1:1000 and anti-rabbit secondary antibody 
at 1:10000; FosB se-6013 at 1:200 and anti-mouse secondary nntt- 
body (SC) at 1:3500; c-Jun sc- 1694 ai 1400 and anti-rabbit second- 
ary antibody at 1:2000: JunB se-046 at 1:1000 and anti-rabbit sec- 
ondary antibody at 1:2000; JunD ,«c-74 at 1:1000 and anti-rabbit 
secondary antibody al 1:2000; and Fhospbo-c-Jun (Ser 73) (NEB) 
at 1:800 and anti-rabbit secondary antibody at 1:2000. Antigen-an- 
tibody complexes were detected using the ECL kit (Ainersbanl Phar- 
macia Biotech. Pisciuuwiiy, NJ). 

Protein phosphatase treatment. Protein phosphatase I (PPI) 
(NbB) treatment entailed the incubation or 40 u,g concentrated total 
cellular pro rein wilb 5 units PPI in IX MnCU and Ix PPI buffer 
fur 10 min at 30"C Protein phosphatase 2A (PP2A) (Upstate Bio- 
technobgy, Lake Placid. NY) treatment involved die incubation of 
40 ug of concentrated total cellular protein with 0.5 units PP2A in 
PP2A buffer (50 mM Tris-Cl, pH 7.5, 1 mAf MnCt,, 1 mM I JIT) 
fur 20 min at 30°C. Both treatments were followed by electropho- 
resis in 12.5% SDS-pn'ryacrylamide gels, transfer to Immobllon-P 
membranes and immunodetection, 

Nonlitm analysis. Total RNA was extracted using the RNeusy 
Mini Kit (Qiagen Inc.. Valencia. CA). Twenty micrograms of total 
RNA was diluted in 10 u.L sample buffer (50% formamidc, 0-02% 
formaldehyde, IX 3-W-inorpt»luio)propa)iesulfoiuc acid. 0.1 tag! 
mL cthidium bromide), electtuphorescd un 1% Ht'uruso-furmiilde- 



10 



S 

& 0 



46 *7 47 




" i i 


01 


B-UV 
■ +UV 


mill 





B 



100 150 200 250 300 

Irradiation (kJ/m'j 



M 
Xt 

c 


15 


a 




*- 


10 


s 






5 


s 




& 


0 



TjB 














■fifrijijj 


i 






1 2 3 


4 


8 12 24 36 



Tbrte after treatment (hrs) 

Figure 2. IJV A induction of AP-I transaetivatiori. (a) Dose response 
of UVA-irradiatcd HO. 1 4 cells at 4 h after irradiation. Colls were 
either mock-treated or UVA-imutinted for distinct periods of time 
corresponding tn UVA doses between 1 00 and 300 kJ/m- and then 
harvested 4 h after Irradiation, (b) Time course of HCL14 cells Ir- 
radiated with 250 kJ/m 1 UVA. Cells were either mock-treated or 
irradiated with 250 kJ/m 2 UVA and then incubated in senim-free 
medium until each desired time point Thirty micrograms of total 
cell lysale was uuidyzetl for each ludferase activity assay. Fold in- 

duvtions with respect to mock-treated controls ar* listed above their 
respective barfs) for each data set, fcach. bar represents the mean ± 
standard devbtion (SD) of triplicate samples. The data are represen- 
tative of duplicate experiments. 



hydc gels at constant voltage and transferred" to GeneScreen nylon 
membranes (NEN Life Science Fnxlucts. Boston, MA), using the 
Pressure Control Station (Slratugene, La Jollu, CA). RNA wus then 
cross-linked to the membrane using the GS Gene Linker (Blorad 
Laboratories. Hercules, CA). Noithem probes were labeled with 
["PJet-dCTP using the DECAPrime 11 kit (Amnion Ino., Austin, 
TX). The c-fos probe was a 2,2 kb CcoKl fragment of mouse c-/cv 
cDNa generated from the plasmid p/cu-ks. Hie c-Jnn probe was a 
0.65 kb £coKl fragment of human cv'trn cDNA generated fioai the 
plasmid pcDNA3. I/His. The glyceraldehyrie-.^'-phnsnhatc dehydro- 
genise (GAPDH) control probe was a 0-75 kb Psi\-Xbal fragment 
of human GAPDH cDNA generated from the plasmid PTZ-GAP. 
After hybridization, membranes were washed in 2x sodium chlo- 
ride-sodium citrate solution (SSC). 0.1% SDS and O.lx SSC 0.1% 
SDS and exposed to Phosphor screens for analysis. 

RESULTS 

UVA induction or AP-1 traiwacfivation 

The immortalized, human keralinocyte cell line HaCaT was 
stably transfected with an AP-1 lucifcrasc reporter plnsmid 
containing a 136 bp fragment of tlie human collagenasc-1 
gene promoter (-73 to +63) with one endogenous AP-1 
binding site (HCLI4 cells), as reported previously (36). 

TranxactivMion through AP-1 was delccled with 100 kJ/m 2 

UVA, but maximal AP-1 transact! vation was observed with 
250 kJ/ro J UVA (Fig. 2a). The time course comparing un- 
irradiated and 250 kJ/m 2 UVA-imtdiatcd HCL14 cells re- 
vealed a transient induction or AP-1 transacti vation between 
2 and 8 h after itmdiadon, with maximal induction between 
the 3 and 4 b time points (Fig. 2b). Although the cultured 
cells were serum-starved for at least 24 h before treatment 
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Figure 3. Elecmiphnrctic mobility shifts of the AP-1 DNA-binding 
complex. Nuclear protein h/sates (2.5 jyt) from HCL14 Cells were 
incubated wilh ['^Jn-dCIl'-bibeled TRE pmbes and clcctropho* 
rcscd on 4.8* polyacrylamloe gels. (□) AP-1 DNA-binding liinc 
course using 250 kJImf UVA irradiation, (b) .Competition assays 
using post-1 h UVA-irmdkicd nuclear protein lysatcs with SOX 
unlabeled wild-type TRE (cold) and 50X mutated TRE (inuQ 
probes, tic I shift assays were performed in duplicate. 



lo reduce basal levels of AP-1 activity, unirradiated cells still 
showed detectable levels of AP-1 mmsaetivminn at mow 
lime points. 

UVA induction of AP-1 DNA binding 

Gel shift assays were performed on nuclear proteins thai 
were extracted from unirradiated and 250 U/m J UVA-irra- 
diated HCL14 -cells, using a radiolabeled, double-stranded 
22-iner oligonucleotide containing the human collagenasc-l 
mtE AP-l DNA-bindiiig site. AP-1 DNA complexes were 
detected in hoth irradiated and unirradiated cells. However, 
enhanced DNA binding to the target TRE sequence was de- 
tected us early as 0-5 h after irradiation and was maximal 
between I and 3 h after irradiation (Fig. 3a). Competition 
assays were performed to verify the specificity of the AP-1 
DNA-binding complex, using 50X unlabeled wild-type TRE 
probes to decrease detectable complexes and 50X mutated 
TRE probes that did not compete with labeled probes and 
recovered complex detection (Fig. 3b). 

Characterization of the AP-1 DNA-binding complex 

Gel supershifi assays, using increasing concentrations of an- 
tibodies to AP-1 family member antigens, were performed 
to determine which AP-1 proteins were bound to the radio- 
labeled double-stranded TRE oligonucleotide. Before AP-1 
DNA annealing, nuclear proteins were incubated with 1-4 
u.g antibodies against AP-1 Jun and Fos family members. 
Gel shift assays were then performed as usual. The 1 h time 
point in tlie range of maximal induction of AP-I DNA bind- 
ing was used in these experiments. The TATA-binding pro- 
tein (TBP), which has nut been shown to directly bind to the 
TRE site, was used as a negative control. c-Foa was impli- 
cated as a primary component in this AP-1 DNA-binding 
complex. The c-Fos antibody caused significant reduction of 
the AP-1 DNA complex shift and produced two slower mi- 
grating forms of the complex (Fig. 4). Other AP-1 family 
members that also produced slower migrating forms includ- 
ed Pra-2. c-Jun, JunB and JunD (Fig. 4). However, the lock 




ATI 




Figure 4. Charaiaeiiziiiion of the AP-1 DNA-binding complex. 
Postal h UVA-in-adiated nuclear protein lysatcs from HCLI4 cells 
were used to characterize the complex components. TBP. which has 
net been shown to bind 10 (lie TRE binding site, served ax a ncfianvc 
control. Concentrations nf l smj <t fig primary antibodies are sltown 
to demonstrate AJP-I gel shin band clearing, AP-i supcrshifl ability 
or both- Gel shift assays were performed in duplicate. 



of AP-1 DNA complex clearing suggests that they are minor 
components of the AP-1 DNA complexes formed in these 
UVA-irradiatcd HaCaT cells. 

Contribution or both RNA and protein synthesis to 
UVA-induced AP-1 DNA binding 

To determine whether RNA synthesis or protein synthesis 
(or both) was required to achieve UVA-induced enhance- 
ment of DNA binding detected at 1 h after irradiation, 
HCL14 cells were treated with the RNA synthesis inhibitor 
actinomyciu D or the protein synthesis inhibitor cyclohexi- 
midc. UVA induction of AP-I DNA binding was signifi- 
cantly reduced in both treatment groups, .suggesting that 
transcription and translation of AP-1 complex family mem- 
bers does occur and contributes 10 the UVA-induced com- 
plex formation in HaCaT cells (Fig. 5). However. mRNA 
and protein stabilization cannot be ruled out and may ac- 
count for the residual complexes detected using the inhibi- 
tor-treated nuclear protein lysates. Increased levels of AP-1 
DNA binding complexes were occasionally detected in un- 
irradiated; cyclohcximidc-rjcatcd HCL14 ceils (data not 
shown). Protein synthesis inhibitors have been shown to ac- 
tivate or stabilize the expression of immediate early genes, 
including Fos and Jun family members (38,39). 

Effects of UVA on Fos and Jun family member protein 
levels 

Western blot analyses were performed on AP- 1 family mem- 
bers to determine if protein expression levels correlated with 
UVA-induced AP-1 DNA binding and AP-1 transactivutioD, 
Expression of c-Fos, the primary component in the AP-1 
DNA binding complex, was dramatically induced with 250 
kJ/m J UVA irradiation. Increased expression was initially 
delected at 0.5 h after irradiation and continued up to 4 b 
after irradiation (Fig. 6a). Slower migrating forms predom- 
inated ai 2, 3 and 4 h after irradiation, suggesting a post- 
iranslationaUy modified form of c-Fos at these time points. 
Increased c-Jun in irradiated cells was detected between 1 
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Figure 5. Effects of transcription and translation inhibition on AP- 
1 DNA-binding. HCL14 cells were preliealed with 1 ji°/mf. acii- 
notnycin D (ActD) or 10 tig/niL cydobeximide (Cydo) in serum- 
free medium for 30 min, irradiated with 250 kJ/m ] UVA and then 
continued in serum-free medium supplemented with the respective 
inhibitors Tor I h after irradiation. Nuclear protein lysaiex (2.5 |ig) 
were then incubated with l n PJct-dCTP-Iabeled TRE probes and 
electrophorescd on 4.8% polyacrylamide gels. Gel shift assays Were 
performed in triplicate. 



and 8 h after irradiation (Fig. 6a). Basal levels of c-Jun were 
observed at every time point examined. Interestingly, a 

slightly slower migrating form of c-Jun was observed at IS 
and 30 min after UVA irradiation, also suggesting posttrans- 
lationaJ modification of c-Jun. Phosphorylation at serine 63 
and serine 73 or c-Jun leads to increased stability and en- 
hanced transcriptional activity of the protein (40). To deter- 
mine the phosphorylation status of c-Jun at serine 73, West- 
em blot analysis was performed using a phospho-specific 
antibody. Although phosphoiylated forms could not be de- 
tected in unirradiated HCLI4 cells, C-Jun appeared to be 
phosphoiylated at amino acid 73 in irradiated cells up to 4 
h after irradiation, and its detection revealed banding pat- 
terns similar to those Keen for total c-Jun expression (Fig. 
6b). Induction of an approximately 35 kDa Fra-1 protein was 
observed at 2 in 4 h after irradiation. However, an approx- 
imately 40 kDa uninduced protein product was also apparent 
at every lime point examined (Fig. 6a). Immunodetection of 
Fra-2 revealed induction of a slower migrating form at 15 
and 30 min after irradiation and induction of a faster mi- 
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Figure 6. Western blot time course of AP-1 family member ex- 
pression using 250 icj/m 2 TJVA irradiation. Forty micrograms of total 
cellular protein was electrophorescd on 12.5% SDS-pOlyucrylumide 
gels, Iransferred Id Immobilon-P membranes and imijuinodeteCled 
using Optimal primary and secondary antibody concentrations for (a) 
each AP-1 family member, and (t>) the phnsphorylated form of c- 
Jtin at amino acid 73. Western blot data arc representative of two 
independent experiments. 



grating form from 2 to 24 h after irradiation (Fig. 6a). These 
results suggest the initial induction of a posttranslatiouatly 
modified form of Fra-2, followed by the induction of a less 
modi lied form. The remaining AP-1 family members (FosB, 
JunB, JunD) did not show significant changes in protein ex- 
pression after UVA irradiation (Fig. 6a). 

Protein phosphatase treatment of UVA irradiation- 
induced AP-1 complex components 

In an attempt to determine if the slower migrating species 
Of the UVA-induccd proteins were pbusphorylated forms, 
total cell lysates from selected postiiradiation time points 
were treated with PPl or PP2A, enzymes that can recognize 
and cleave phosphates ui serine and threonine residues. PPl 
treatment shifted the uninduced 40 kDa Fra-I band to a fast- 
er migrating form in both UVA-iiradiated and unirradiated 
HCL14 cells but had little effect on the UVA-induccd faster 
migrating 35 kDa spedes (Fig. 7a). PPl ireaiment also shift- 
ed the slower migrating band of Fra-2 to a faster migrating 
form in both treated and untreated cells (Fig. 7a). Because 
PPl trettlmcnl did not significantly change (he UVA-indueed 
banding patterns of c-Fos and c-Jun, total protein lysates 
were incubated with PP2A and immunodetected with c-Fos 
and c-Jun antibodies. The slower migrating forms of c-Jun 
at 15 and 30 min in the UVA-itradiated samples were shifted 
to faster migrating forms, but the UVA-induccd protein 
bands were not affected (Fig. 7b). c-Fos banding patterns 
were dramatically changed upon PP2A treatment. Slower 
migrating forms that were delected in both irradiated and 
unirradiated lysates were significantly shifted io faster mi- 
grating forms, with the predominant band migrating at ap- 
proximately 40 kDa (Fig. 7b). 
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Figure 7. Protein phosphatase treatment of UVA irradiation-in- 
duced AP-1 family members. Concentrated total cellular protein was 
isolated from mock-treated or 250 W/m 1 UVA-uYadiated HCL14 
cells, (a) Forty micrograms protein from selected lime points was 
treated with 5 units PPl for 10 min at 30°C, clecuuphorexed on 
12.59& SDS-polyaerytamidegeut, transferred to lmmobilon-P mem- 
branes and immunodetected with antibodies against Fra-1 and Fra- 
2 antigens, (b) Forty microgrinns protein from sclectedtime points 
wan treated with 1)3 units PP2A for 20 min at 3(fC, clcctmphorcscd 
on 12.5% SDS-poryadylamide gels, transferred to Immobilon-P 
aiembraucs and inwiuWetecied with antibodies against c-Fos mui 
oJun antigens. Western bloi data are representative of two indepen- 
dent experiments. 



UVA Induction ole-fos and c-jtm mRNA levels and 
c-fos transcriptional activation 

c-Fos can be regulated m the level of transcription, RNA 
stability, protein degradation and posttransJatibnal modifi- 
cation (41). Because c-Fos was implicated as a primary com- 
ponent of the AP-1 DNA binding complex and its protein 
expression was induced in response to UVA irradiation, c- 
ftts mRNA levels and the transcriptional activation of die c- 
fos gene were additionally examined to further delineate the 
mechanism of its activation. Transcripts of c-fiix were de- 
tectable immediately after irradiation and continued to be 
detected up to 1. 5 h after irradiation (Fig. 8). Although tran- 
scripts were also detected in unirradiated samples up to 45 
min after irradiation, differential expression between irradi- 
ated and unirradiated samples was observed between 15 and 
90 min after irradiation. Initially elevated c-fos transcripts in 
both irradiated and unirradiated HaCaT cells may be a stress 
response lo the long irradiation period in supplemented PBS 
that was necessary to achieve 250 kf/m* UVA irradiation. 

c-Jun mRNA levels were also examined in an attempt to 
correlate c-jun transcription with translation of the c-Jun pro- 
tein. c-7un transcript/; were observed at every time point in 
both irradiated and unirradiated HCLI4 cells. Induction of 
c-/uH transcripts with 250 kl/tefl UVA was detected between 
IS min and 4 h after irradiation, with maximal induction ai 
approximately 90 min- after irradiation (Fig. 8). UVA-in- 
duced increases in a-jun mRNA levels were slightly delayed 
and, although transient, sustained for a longer period of lime 
man UVA-induced c-fiis mRNA levels. 

The HaCaT cell line was also stably transfectex) whh a e- 
fos lucifcrasc reporter plasmid containing a 445 bp fragment 
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Figure 8. Northern bint lime course of c-fiu and c-jtm expression 
using 250 U/ni 1 UVA. Twenty micrograms total RNA from mock- 
treated and UVA-irradiated HCL14 cells was ekclrophoresed in 1% 
ugara.tc-formaldchydc gels, transferred tn nylon membranes under 
75 lb pressure and hybridized with 25 ng ["Pla-dCTP-fcroeJeo" c-fas 
and ojun cDNA probes. PPla-dCTP-labeled GAPDH ePNA 
served at a loading control. mRNA levels of contrul cells held in 
Rcnim-frec mediam at 37*C and under 5% CQ. (sf) are shown at 1.1 
and 45 min lime points to demonstrate expression Changes lliat may 
be related to extensive irradiuiion periods. Northern blot data are 
representative of iwo independent experiments. 



of the human c-fos gene promoter, as reported previously 
(36). This FL30 cell hue was irradiated witii 250 kJ/m 1 
UVA, and total protein lysatcs wens examined for luclferase 
activity. Significant UVA induction of c-fos trans activation 
was detected between 2 and 8 h after irradiation, with max- 
imal ofos trunsactivaiion between 3 and 4 h after irradiation 
(Pig. 9). These results suggest lliat transcriptional activation 
of the c-fos gene contributes lo the detectable increase in 
UVA-induced c-fos mRNA expression. 

DISCUSSION 

UVA radiation is the most abundant and most penetrating 
component of solar radiation that roaches the earth's surface 
(2). Chronic exposure ro UVA plays an important role in 
dermal and epidermal photodamage and is a contributing 
factor in the development of skin cancer (3,5-7). UV radi- 
ation exposure leads to increased gene expression in mam- 
malian cells (1 1,32). The mechanisms by which UVA irra- 
diation lead* to increased transcriptional expression and ac- 
tivation of human genes arc currently under investigation- 
Deregulated expression of the AP-1 complex has been 
shown to play a prominent role in the promotion of skin 
tumors and may be required to maintain the tumorigenic 
phenotype (25-29). 
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Figure 9. UVA induction of e-yiv transactivation. Time course ex- 
periments analyzing the luciferuKe activity of 30 u£ total cell lysale 
from mock-treated and 250 kJ/m 2 UVA-irradiatod FL30 cells were 
performed. Fold inductions with respect to mock-treated controls are 
listed above the set of bars for ench time point. Each bar represents 
the mean ± SD of triplicate samples. The data are representative of 
duplicate experiments. 
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In Ihis study. 250 kJ/m 2 UVA irradiation enhanced AP-1 
DNA binding to a TRE oligonucleotide and caused increased 
AP-1 transact! valion in a dose-dependent manner in the im- 
mortalized, human kenttinocyte ccLI line HaCaT. As expect- 
ed, maximal AP-1 DNA binding slightly preceded, in lime, 
the AP-1 imnsHClivalign delected upon UVA irradiation. 
' Transcription and translation of AP-1 complex components 
contributed to the LTVA-induced enhanced AP-1 DNA bind- 
ing. However, mRNA or protein stabilization (or both) can- 
not be excluded and may account for the residual AP-1 DNA 
complexes that were detected in inhibitor-treated nuclear 
protein extracts. This is in contrast to the report of Djavsh- 
eri-Mergny el at. (19), who found that UVA activation of 
AP-1 DNA binding was maintained after treatment with cy- 
cloheximide before, during and after irradiation. Tbc rapid 
induction of the AP-1 DNA binding complex within the first 
hournnd the lack of effective cyclohcximidc inhibition sug- 
gested a posttranslational effect of UVA on AP-1 activity in 
NCTC 2544 cells (19). v 

The occasional increase in DNA binding, which wc ob- 
served in the cycloheximide-treated. unirradiated cells (data 
not shown), may have been caused by a cycloheximide-in- 
duccd riboloxk stress response that led to heightened acd- 
valion of preexisting AP-1 complex proteins. Because cy- 
clohexirnide was not added to the cells during mock or UVA 
irradiation treatment, translation of mRNA transcripts may 
have occurred at that time. Because UV radiation haft also 
been 'found to inhibit protein synthesis (42), we did not ob- 
serve this phenomenon in UVA- arid cycloheximide-treated 
cells. ■ 

c-Fos was implicated as a primary component in the AP- 
1 DNA binding complex, and i($ expression was induced at 
both the transcriptional aDd translationa) levels upon UVA 
Stimulation. Other minor complex components included c- 
Jun, JunB, JunD and Fra-2. Djavahcri-Mergny et ul. (19) 
reponed the presence of c-Jun and c-Fus in the AP-1 ONA 
complexes induced with 190 kJ/m* UVA irradiation in 
NCTC 2544 human keratinocytes. However, other Fos and 
Jun family member antibodies were not tested for their abil- 
ity to supershift the AP-1 DNA-binding complex. 

UVA induction of AP-1 complex proteins, AP-1 DNA 
binding and AP-1 transactive tion occurred more rapidly than 
induction by UVB in HaCaT cells. Whereas UVA-induced 
AP-1 iransactivaiion and protein level changes in c-Fos, c- 
Jun and Fra-1 occurred between 2 and 4 h after irradiation, 
UVB induction of AP-1 activation occurred maximally be- 
tween 12 and 24 b after irradiation (36). Time kinetic dif- 
ferences for UVA- and UVB-induced apupiosis (43), cell 
cycle arrest (44) and DNA damage repair (45) have also 
been reported. Therefore, the signaling pathways (hoi are 
activated in response to UVA and UVB insult leading to 
AP-1 transactivation may differ as well. 

c-Fos, c-Jun and Fra-1 protein accumulation paralleled the 
induction of AP-1 transactivation by UVA irradiation. Ad- 
ditionally, the unaltered expression of JunB, JunD and FosB 
implicated these proteins as possible contributors to the de- 
tectable basal levels of AP-1 activity. Hie actual protein 
complexes fumed in these irradiated and unirradiated hu- 
man keratinocytes have not been fully elucidated. Although 
Fra-2 protein expression was detected in both irradiated and 
unirradiated cells, (he slight induction of the faster migrating 



Conn al later time points suggests a possible role for this 
protein in IP/A-induced AP-1 activity as well. 

Induction of c-fox mRNA levels and transcriptional acti- 
vation of the c-fox gene promoter by UVA suggest that de 
novo transcription of c-fox occurs in these keratinocytes. In- 
terestingly, c-Jun niRNA levels were also induced upon 
UVA irradiation but peaked at a later time point, appeared 
to be less sensitive to the stress of treatment conditions and 
remained uprcgulated for an extended period of time when 
compared with UVA-induced c-fox expression. The sus- 
tained induction of v-jim RNA levels may be a consequence 
of c-Jun's ability to positively autoregulate its own transcrip- 
tion through an AP-1 binding site in its promoter region 
(46,47). This aiiloaclivation of C-jun mRNA may first require 
the posttranslational modification of existing c-Jun proteins 
that we observed al J 5 find 30 min ufler UVA irradiation 
(47). 

Immediate early gene products are frequently posttrans- 
lalionally modified CO induce their transcriptional activator 
potential in response to extracellular stimuli (30). The ap- 
parent Fra-I and Fra-2 protein slrifut detected after PP I treat- 
ment are testament to tbc posttranslational phosphorylation 
of these proteins. In fact, Gruda at al. (48) reported that Fra- 
1 and Fra-2 proteins were highly phosphorylated in serum- 
stimulated, asynchronously growing 3T3 cells and that their 
phosphorylation caused dramatic shifts in the electroplioretic 
mobility of the proteins. The inability of PP1 treatment to 
produce significant shifts far c-Fos and c-Jun suggested that 
these proteins may not be suitable substrates for PP1 activ- 
ity. PP1 is a serine-threonine phosphatase that may not be 
able to recognize the phosphorylation sites of these proteins. 
Recognition and cleavage of only a few key sites may not 
change die mobility of the proteins dramatically enough to 
he detected by Western blot analyses, 

c-Fos can be phosphorylated by protein kinase A (PKA). 
PKC, MAPK, p34 c * (! , DNA protein kinase, glycogen syn- 
thase kinusc-3 (GSK-3) and rsk at multiple sites in the reg- 
ulatory regions of the protein (4940). We detected a distinct 
reduction in c-Fos mobility upon induction of the protein by 
UVA irradiation. Distinct conformational alterations and 
charge effects that change the cJccirophoreiic mobility ofc- 
Fos have been reported previously in in vitro phosphoryla- 
tion assays with p34 cacl , PKA and PKC (50). Because c-Fos 
is known to be extensively phosphorylated on serine and 
threonine residues in the nucleus (50), we attempted phos- 
phate cleavage with another sciinc-thrconiric phosphatase, 
PP2A, which appears to be the major kinase phosphatase 
responsible for the downrcgulation of activated protein ki- 
nases (51). Although protein bands for the PP2A enzyme 
itself were also delected with the c-Fos antibody, dramatic 
shifts in c-Fos protein migration were detected with this 
phosphatase. The predominant shifted band migrated at ap- 
proximately 40 kDa and was more pronounced in the UVA- 
irradiated lysates. Barber and Verma (52) demonstrated (hat 
most, if not al). c-Fos phosphate groups were in the form of 
phosphocstcrs. Hydrolysis of these phosphocstcrs caused a 
dramatic increase in the electruphorclic mubility of c-Fos. 
with extreme shifts resulting in a 15 kDa molecular mass 
difference. 

c-Jun is preferentially dephosphorylaicd by purified prep- 
arations of PP2A in ofcadaic acid-trcatcd cells, and its activ- 



7xx 



PAGE 8/10 * RCVD AT 511612007 5:51 :59 AM [Pacific Standard Time] ' SVR:SVCS01/1 * DN1S:6034 ' CSB):613 993 5444 ' DURATION (mm-ss):06-34 



05/16/2007 wed ?! 03 pax 613 993 5444 CiSti help desk 



)09/010 



Uy can be regulated by this phosphatase. The site: or PP2A- 
catalyzcd deplmsphorylaiion of c-Jun has been mapped to 
the amino acid serine al position 03 (53,54), PP2A treatment 
shifted the slower migrating form of c-Jun in the UVA-ir- 
radiated cells at 15 and 30 min aAcr irradiation to a faster 
migrating form. The phospho-form of c-Jtm serine 73 was 
detected between 2 and 4 h after irradiation, but there was 
h concomitant lack of PP1- or PP2A-induced band shifting 
at these time points. Scrim: 73 may not be a target for PP| 
or PP2A dephosphorylttrion. Addiuiwially, c-Jun contains rc» 
prcsstve serine-threonine phosphorylation sites near the ba- 
sic region that holds c-Jun in an inactive state (24.55). GSK- 
3 has been shown to phosphorylate these sites and modulate 
the DNA-binding activity of c-Jun (41). Therefore, c-Jun 
requires a delicate balance of phosphorylation^lephoxphor- 
ylation events to achieve maximal imusactivation potential. 

Although most studies of UV-induced signs) transduction 
pathways leading to altered gene expression have focused 
on UVB and UVC radiations. UVA effects on signal trans- 
duction and activation of stress response gones are current 
topics of great interest. The oxidative stress induced by UVA 
irradiation is primarily mediated through reactive oxygen in- 
termediates and has been found to induce the expression or 
activation of several key sijrnal transduction genes, such as 
JNK, p38 and c-Fos in human skin fibroblasts (12,13,56). 
Intracellular glutathione depletion reduced the intracellular 
redox equivHlcnts and significantly increased the expression 
of tf-Fos and c-Jun in TJVA-irmdiated human skin fibroblasts 
(57). UVA-induccd NF-kB activation in human skin fibro- 
blasts was correlated with membrane damage (20). In human 
kcratinocytes. UVA radiation activated STAT1 (18), AP-I 
(19). AP-2 (11). PRC (17) and the MAPK (ERK, JNK and 
p38) (J 4) but decreased NF-kB DNA-binding activity (58). 
In mouse epidermal cells, phosphorylation and activation of 
STAT3. p70** and pOO* 5 * after UVA exposure have also 
been reported (21-23). 

This study further characterized the rule of AP-1 activa- 
tion in UVA-irradiatcd human keralinocytcs and implicated 
key components that are activated in response to this oxi- 
dative stress. Taken together, these results demonstrated that 
UVA irradiation induces AP-1 DNA binding and AP-1 ac- 
tivation in the human keratinocyte cell line HaCaT. Accu- 
mulation otcrfos mRNA and protein may play a critical role 
in die response of these cells to UVA irradiation. c-Fos has 
poor affinity to DNA and cannot transactivate without a jun 
family member (24,41). Therefore, the combined effects of 
other AP-1 family members whose expression is induced (c- 
Jun, Fra-1. Fra-2) or that bind to the AP-1 site in response 
10 UVA irradiation (c-Jun, JunB, JunD, Fra-2) are also im- 
portant to ultimately achieve AP-1 induction in these kcra- 
tinocytes. 
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beth Wilk, Sherwin Wilk, and Dennis V. Healy. Rat 
kidney glutamyl aminopeptidase (aminopeptidase A): molecu- 
lar identity and cellular localization. Am. J. Physiol 267 
(Rend Fluid Electrolyte Pkyeiol. 36): F546-F557, 1994.— 
Glutamyl aminopeptidaao [ominopoptidase A (EAP), EC 
3.4.il.7J is an ectoeruyme that selectively hydroly2es acidic 
amino acid residues from the amino terminus of oligopeptides. 
BAP activity is highest within the kidney and small intestine. 
The murine pre-B cell BP-1/6C3 and the human kidney 
glycoprotein gpI60 differentiation antigens havie been re- 
ported to have biochemical properties indistinguishable from 
EAP. It is not known, however, if rat Mdney BAP iB a 
homologue of theee wntigens or moJeculorly distinct. Using the 
reverse transcription-polym erase chain reaction method with 
oligonucleotide primers based on the' BP-1/6C3 nucleotide 
sequence, we isolated a 450-bp partial cDNA from rat kidney 
poly(A) + RNA. The partialcDNA encoded a predicted protein 
that was 92% and 86% identical to the murine BP-1/6C3 and 
human gpl60 antigens, respectively; the amino acid sequence 
within the zinc-hinding domain wan completely conserved. 
Purification of EAP from rat kidney and microeequence 
analysis of-a tryptic digest peptide fragment (18-mer) indi- 
cated that the fragment was highly similar to a region within 
the BP-1/6C3 and gpl60 proteins. Northern blot hybridiza- 
tion and immunoblot analyses were also consistent' with 
labeling of products the same size as reported for the BP-1/ 
6C3 and gplSO antigens. There was a good correlation between 
the cellular distribution of EAP mRNA and EAP immunoreac- 
tivity, with proximal tubules and glomerular mesangial cells 
having the highest densities. These results indicate that rat 
kidney EAP is a species homologue of the murine BP-1V6C3 
and human gplfiO antigens. Furthermore, on the basis of its 
cellular localisation, rat kidney EAP is likely to be involved in 
degradation of oligopeptides within the glomerulus and the 
glomerular nitrate. Since cells that express EAP also express 
receptors for angiotensin II, an intrarenal vasoactive hormone 
that is a substrate for BAP, these results further suggest that 
EAP may play a role in modulating the activity of intrarenal 
angiotensin II. 

aminopeptidase A; angiotensin ase; angiotensin II; proximal 
tubules; meBangial cells 



glutamyl aminopeptidase [aminopeptidase A (EAP), 
EC 3.4.11.7] is an ectoenzyme that selectively hydro- 
lyzes amino- terminal glutamyl and aspartyl residues 
from oligopeptides .(11). EAP levels are highest within 
the brush border of kidney proximal tubules and cntero- 
cytes of the small intestine, areas that are enriched with 
peptidases (10, 20). At these sites EAP is believed to 
participate in the degradation of oligopeptides for nutri- 
tive purposes. BAP has also been shown to be an 
"angiotensinase," hydrolyzing the biologically active 



peptide [Asp^angiotensin II (ANG II) to [<£es-Asp']ANG 
II (ANG LT1) in the circulation (1, 21). In the kidney, 
ANG II decreases renal blood flow and increases proxi- 
mal tubule reabsorption of sodium (15, 19). In addition, 
all the components of the renin-angiotensin system have 
been localized within the kidney (32), suggesting that an 
intrarenal renin-angiotensin system may play an impor- 
tant role in kidney function (3, 22). The importance of 
EAP in modulating ANG II activity within the kidney 
ha6 not been determined . 

Recent cloning and functional expression studies indi- 
cate that two previously characterized differentiation 
antigens have biochemical and enzymological properties 
indistinguishable from EAP. The murine pre-B cell 
differentiation antigen BP-1/6G3 has sequence, homol- 
ogy with members of the zinc-dependent metallo enzyme 
family (86, 37) and EAP-like activity when expressed in 
vrtro (33). More recently, the human kidney differentia, 
tion antigen glycoprotein gpl60 was purified and cloned 
and found to be 78% identical to BP-1/6C3 (26). Renal 
cell carcinomas expressing gpl60 have EAP activity, and 
immunoprecipitatibn of gpl60 depletes cells of EAP 
activity. Moreover, isolation of cDNA clones from hu- 
man kidney cDNA libraries indicates that the differentia- 
tion antigens and the kidney transcripts are identical 
(23, 26). Thus these lines of evidence indicate that the 
BP-1/6C8 and gpl60 antigens represent a form of 
kidney EAP. 

Purification studies indicate that EAP exists as a 
homodimer with molecular mass ranging from 247 to 
300 kDa, with the monomeric form having a molecular 
mass ranging from 120 to 140 kDa under dissociating 
conditions (34). Some heterogeneity in the size of the 
monomeric forms has been reported (6, 13, 17). Herzig 
et al (17) have reported that purification of bromelain- 
eolubilized EAP from human kidnr yielded two iso- 
forms, a 127-kDa form that was localized to glomeruli 
and tubules and a 117-kDa form that was localized 
primarily to tubules. The relationship between the EAP 
isoforms and the gpl60 antigen in human kidney has 
not been determined. We have reported that iromuno- 
blots with purified rat EAP yield only a single band, 
whereas immunoblots with kidney homogenates yielded 
two bands of 136 and 101 kDa on sodium dodecyl 
sulfate-poh/acTylamide gel electrophoresis (SDS-PAGE) 
(31). It is not clear whether the smaller forms of EAP 
seen in immunoblots represent multiple isoforms of 
EAP, partial proteolytic digestion of the native enzyme, 
or cross-reactivity with a closely related cnzyme(s). 

In an effort to characterize the rat kidney form of 
EAP, we used the reverse tranBcription-polymerase 
chain reaction (RT-PCR) procedure with oligonucleotide 
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Fig. I: Agarose gel electrophoresis of polymerase chain ruactkm 
(PCR) pmducfe from-amplification of ml kidney cartes cONA with 
mouse BP-1/6C8 primers. Lane 1, DNA markers (1,353; 1,078; 872; 
603: and 3 10 bp, top to bottom); laneS, 25 cycles; font 3, second round 
of 2fi cycles. Note that an intense reaction product of the expected size 
(arrowhead, 4fi0 bp) was Been after 25 cydto (lane 2), which was then 
rcamplified an additional 26 cycle* (4uie 5 ). 



primers based on the murine BP-1/6C3 sequence to 
isolate a partial cDNA for rat kidney EAP. The partial 
cDNA was then used to synthesize radiolabeled syn- 
thetic antifiense UNA (rihoprobes) that could he used to 
localize EAP mRNA by in situ hybridization. The distri- 
bution of the EAP mRNA was then correlated with the 
distribution of EAP immunorc-activity. 

METHODS 

PCR analysis. PolyCA)* RNA was isolated from the kidney 
by first isolating total RNA (5), followed by passage over an 
oligofdT) cellulose column (26). Pirst-6trand cDNA synthesis 
was performed with poly (A) + RNA as template in the presence 
of reverse transcriptase and an oligo(dT) primer (Superscript 
RNA reverse transcriptase; BRL, Gaithersburg, MD). The 
PCR primers were designed to amplify an ~450-bp region of 
the BP-1/6C3 cDNA that includes the zinc-binding domain of 
the processed protein; sense primer (EAP-1) corresponding to 
nucleotides 1228-1250 of the murine BP-1/6C3 antigen, 5' 
GAGATGGTGGATGACAACTGGAA 3'; antisonse primer 
(EAP-2) corresponding to nucleotides 1651-1674 of BP-1/ 
6C3, 5' CCACAAGTCGTCCCACCAGTCCAT 3'. Each primer 
contained an additional 10 nucleotides encoding an Xho I 
restriction site at the 6' end that was used for aubelorungof the 
amplified cDNA joto a plaemid vector. Kidnay cDNA was 
submitted to 25 cycles of PCR amplification with PCR primers 



in the presence of Taq DNA polymerase in the following 
sequence; first cycle 5 min at 94°C, 2 rain at 5G°C. 3 min at 
72°C; subsequent cycles 1 min at 94°C. 2 rain at 50°C, and 3 
min et 72°C; last cycle 1 min ai 94°C, 2 min at 50 S C, and 10 min 
at 72*C. The PCR products were then separated on a 1% 
agarose gel, and the bands were examined under ultraviolet 
illumination. PCR controls included 1) amplification with 
template but without primers, 2) amplification with mRNA 
without the RT step, and 3) amplification without template. 

The PCR-amplified product was then subcloned into a 
plaemid (TA cloning vector, Invitrogen, San Diego, CA) and 
used for transformation of INVaP competent Escherichia coli. 
Positive tranaformante containing plasmids with inserts were 
selected by growing bacteria on Luria-Bertani plates contain- 
ing kanamycin, ifiOpropyi-P-D-thiogalactopyranoside and Btuo- 
Gal. Plasmids were isolated from minicultures and digested 
with Xho I. PlaBmide containing the PCR product were then 
sequenced directly by the dideoxynucleotide chain-termina- 
tion method with [a-»P]dATP and sequence-specific. oligo- 
nucleotide primers (Sequenase, United States Biochemical, 
Cleveland, OH). 

Northern blot analysis. Total RNA (10 ug) from rat kidney 
and jejunum were eize fractionated by electrophoresis on a 1% 
agarose-formaldehyde gel and transferred to Micron Separa- 
tion (Westboro, MA) nitrocellulose membrane and fixed by 
baking for 2 h at 80°C. Membranes were prebybridizod 4 h at 
39°C in hybridization buffer [25 rfiM potassium phosphate (pH 
7.4). 5x SSC (lx SSC is 0.15 M NaCl and 0.015 M sodium 
citrate, pH 7.0), 5x Denhardt's solution, 50 ug/ml denatured 
salmon sperm DNA, and 50% forroamidej. The membranes 
were transferred to fresh hybridization buffer containing 
^P-labeled probe and 10% dextran sulfate and incubated 
overnight at 39°C. The filters were then washed two times 
each in 2 x SSC and 1 x SSC at room temperature, followed by 
a single wash in 0.1 x SSC at 55°C. 

The radiolabeled probe was prepared by excision of the 
partial cDNA PCR product (60-SQ ng) from the plasmid with 
Xho I, random priming with hexanucleotides and SO uCi of 
[o-^ldCfP (New England Biolab kit), and extension with 
DNA polymerase 1. Specific activity of the probe was ~ 5 x 10 s 
counts -min" 1 • ug -1 . 

Isolation of glomeruli. Rat kidney glomeruli were isolated 
according to the procedure of Pujiwara et al (8) with some 
modifications. Briefly, eight Sprague-Dawky rata (200 g) were 
killed, and the kidneys were removed and placed in ice-cold 
Dulbecco's phosphate-buffered saline (PBS), pH 7.4, contain- 
ing (in mM) 137 Nad, 2.7 KC1. 8. 1 NaaHPO,, 1.5 KHgPO*, 0.9 
CaCl 2 , 0-49 MgCl 2 , and 5.6 glucose. The cortex was dissected 
and minced to paste-like consistency end then suspended in 
cold Dulbecco's PBS. The suspension was passed through a 
25-gauge needle repeatedly and pushed successively through 
200-um and 150-pm sieves. The glomeruli were collected on a 
50-nm sieve that was washed with Dulbecco's PBS. The purity 
of the isolated glomeruli was confirmed by light microscopy. 

Enzyme activity. EAP activity was assayed with a-ghitamyl- 
2-naphthylamide and a-aspartyl-2-napthylarnide as sub- 
strates. Specific activities were expressed as unite per milli- 
gram protein, where One unit equals the hydrolysis of 1 nmol 
substrate/min. 

Immunoblotting, Immunoblotting was conducted as de- 
scribed previously (31). Briefly, 35 ug of protein were sepa- 
rated on a 10% SDS-PAGE gel run at 280 V for 2 h. The 
protein was transferred to an Immobilon membrane (Mflii- 
pore, Bedford, MA) in a transfer apparatus containing transfer 
buffer of 25 mM tris(bydroxymethyl)aminomethane (Trie) 
base, 192 mM glycine, and 15% methanol at 70 V for 1 h. After 
transfer, the membrane was washed with PBS 2x5 min and 
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1 GAGftTGGT6GAT6ACflACTfiSAAG AAAACCACTTTCAT6AA6TCCGTCCCGATGAGCACT 

6 1 TACCTGGTGTGCTTTGCTGTACATCAGTTCACCTCGATACAGAGAACATCCAGGAGTGGC 

121 AAACCACTCACTGTTTACGTCCAGCCCAACCAAAAGCAAACAGCAGAGTATGCGGCAAAC 

181 ATAACCAAAGCTGTGTTTGACTXCTTTGAAGACTACTTCGCTATGGAGTATTCTCTTCCG 

241 AAACTGGATAAAATTGCTATTCCAGATTTTGGCACCGGCGCCATGGAAAACTGGGGACTT 

301 GTCACTTACCGAGAAACAAACCTGCTTTATGACCCCCTGCTATCGGCCTCATCCAACCAG 

361 CAGAGAGTAGCCAGCGTGGTTGCCCACGAGCTCGTGCACCAGTGGTTTGGAAATATCGTG 

401 AC CATGGACTGGTGGGACGACTTGTGG 



B 



Rat 

Mouse 
Human 



KTTFMKSVPMSTyLVCFAVHQFTSlQRTSRSGKPLTVYVQPNQKQ 

265 V R..A.E.K.. K .E 

273 R; , ,E, . . .D.VK.I.N. .....X,...E.;H 



• Rat TAEYAANITKAVFDFPEDYPAMEYSLPKLDKIAIPDFGTGAMENM 

Mouse 310 .. . .Q ¥ A 

Human .318 S...Y..E N 

Rat GLVTYRETNLLYDPLLSASSNQQRVASWAHELVHQWFGNIVT 

Mouse 355 T.. 

Human 363 ..I.... KE T 

Fig. 2. A: nucleotide sequence or the partial cDNA obtained from , rat kidney using oligonucleotide primers 
(underlined) based on the BP-1/6C3 sequence. B: deduced ammo acid sequence of the partial cDNA from rat kidney 
' compared with mouse BP- 1 /8C3 und human glycoprotein gpl60. Amino acids that are not identical in all 3 sequences 
are noted. (Numbers refer to published amino acid sequence of BP-1 /6d and gplGO.) The putative zinc-binding 
domain (bold letters) was completely conserved. 

incubated with a blocking buffer containing 5% nonfat dry chromatography (3D. DPP IV and mAAP were apparcnUy 
milk and 0.02% sodium azide and agitated for 1 h. Blots were homogeneous as judged by SDS-PAGE. 
incubated with primary antiserum diluted 1:1,000 in PBS An aliquot of EAP was subjected to SDS-PAGE on a 12.5% 
containing 3% bovine serum albumin (BSA) for 12-18 h at gel. The protein was stained with Coomossic blue and trans- 
4°C. The membranes were washed with PBS and incubated ferred to an Immobilon polyvinylidene fluoride membrane 
with permddaae-labaled goat secondary antibody at 37°C for 2 (Milliporc). The band was excised and sent to the Yale Protein 
h. The membrane was washed with PBS and incubated with and Nucleic Acid Chemistry facility for trypainization. high- 
0.6 mg/ml diaminobenzidino (Sigma, St. Lou is, MO) in 50 mM performance liquid chromatography (HPLC) separation, and 
Tris ; HCl(pH7.6)andcontaining0.03%hydro^nperoxidcfor microsequcraing. . 

5-10 min. The membrane was washed with PBS and then In situ hybridization. Pour male Sprague-Dawley rats (175- 
dried. 200 g) were decapitated, and the kidneys were removed and 

Specificity of the inwiunoblot staining was tested by preab- frozen to microtome chucks. Ten-micro me ter cry ostat sections 
sorbing the antiserum with purified EAP (1 ag/ml), mem- were collected onto clean microscope slides Bubbed with 2% 
brane alanyl aminopeptidase (mAAP; aminopeptidase M, ami- 3-aminopropyltriethoxysilane (Sigma). The sections were dried 
nopeptidaae N, EC 3.4. 11.2) (1 ug/ml), and dipeptidyl peptidase under vacuum for 10 min and then fixed with 8% parnformal- 
rv (DPP IV; EC. 3.4.14.5) (1 pg/inl) and comparing the dehye in phosphate buffer for 5 min, dehydrated, and vacuum 
staining pattern to'antiserum that was not preabsorbed. dried. A ^S-labeled riboprobe complementary to the EAP 

Enzyme purification and sequence determination. EAP was mRNA waa transcribed in vitro using the cDNA as template, 
purified to apparent homogeneity from rat kidney using Radiolabeled sense strand UNA was synthesized in a similar 
affinity chromatography as described (31). DPP IV, mAAP, manner and used as a control. Probes were synthesized by 
and EAP copurify up to the phenyl Sepharose step. DPP IV is incubating 1 ug of linearized cDNA in a total reaction volume 
resolved from the other two enzymes by phenyl Sepharose of 12 ul containing 100 mM dithiothreitol, RNasin, 1 mM 
chromatography (34). mAAP is resolved from EAP by affinity unlabeled nucleotide triphosphates (ATP, GTP, and OTP). 
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,' Fi £- 3 - Northorn blot analyses Of rat total UNA from kidney (fane J ) 
and small intestine (lane 2) probed with the kidney partial cDNA. Ten 
'micrograms of total UNA was size Iroctionated on an agarose- 
V/onnaldehyde gel and transferred u> nitrocellulose sheets. The blots 
were hybridised with ffl P-laoeled probes from the aminopepUdaso A 
CEAE) partial cDNA done. Blote wore then washed under liigh- 
stringenqy conditions and exposed overnight to X-ray film. 

100 uM CTP, 10 pmol of PSJCTP (New England Nuclear, ep 
. act 1,220 Ci/mmol), and T7 or T3 polymerase for 1 h at S7°C. 
The template DNA was then digested with DNase and the 
f. labeled probe precipitated and resuspended in hybridization 
- buffer. The activity of the labeled riboprobe was ~8 X 10 s 
' counts • min" 1 • u,] * l . 

Slide-mounted sections were prchybridized for 2 h at 50°C 
in a 1:1 mixture of forrnamida and prehybridkation buffer 
containing 0.6 M NaCl, 20 mM pjperazine-iV^V'-bi8(2^thane- 
B S3 n,c add) bulEer ^ H 6 - 7) ' lx Denhardt's solution, 1 mM 
B EDTA, 500 (Lg/ml yeast total RNA, 50 u^/ml yeaat tRNA, 1 
^ mg/ml salmon sperm DNA, and 500 jig/ml sodium pyrophos- 
phate. Hybridization hufTer was identical to prehybridizotion 
f buffer, except that it contained 2.5 jiM u-thiol-nuclcotide 
" triphosphates and 200 mM dithiothreitol (Sigma). The slides 
were then transferred to hybridization solution comprised ofa 
mature of hybridization buffer, dextran sulfate, and tbr- 
mamide (4:1:5) and containing the *S-labeled riboprobe at a 
final concentration of 5 x 10«-10 7 counts- min -1 ml-'. Slides 
were incubated overnight at 50"C. The next day the sections 
were washed twice for 10 min at room temperature in 10 mM 
Tris-HCl (pH 8), 0.3 M NaCl, 0.1% sodium pyrophosphate, 
and 10 mM dithiothreitol and then treated with RNose (30 
ug/ml) for 30 min at room temperature in 0.3 M NaCl, 10 mM 



Tns HCl, and 1 mM EDTA. The RNase solution was then 
blotted off and the seetionB washed for 10 min at room 
temperature m 0.3 M NaCi, 2 mM Tris-HCl, 1 mM EDTA, 
0.05% sodium pyrophosphate, and 1 mM dithiothreitol fol- 
lowed by a 8-h wash at 50*C in 0.075 M NaCl, 2 mM TriB • HC1, 
1 mM EDTA, and 1 mM dithiothreitol. The slides were then 
transferred to fresh buffer and washed overnight at room 
temperature. The next day the sections were dehydrated for 2 
min each in 70% alcohol containing 300 mM ammonium 
acetate, 90% alcohol containing 300 mM ammonium acetate, 
and finally 100% alcohol. The sections wore vacuum dried And 
exposed to Kodak XAR film for 1-20 days. After the film was 
developed, the slides were then dipped in liquid emulsion 
(Kodak NTB3, diluted 1:1) for high-resolution autoradiogra- 
phy. After exposure for 1-2 mo, the emulsion was developed, 
and the sections were counteretained Wintry with cresyl violet, 
dehydrated, and coverehpped. 

Immunocytoclietnistry. Six male Spraguo-Dawley rats (175- 
200 g, Charles River Breeding Laboratories, Wilmington, MA) 
were housed on a 12:l2-h lightrdark schedule and allowed free 
access to food and water. Rate not operated on were processed 
for immunoeytochemistry as described previously (16). Briefly, 
animals were anesthetized with pentobarbital (50 mg/kg hp) 
and perfused trsnscardially with ~ 100 ml of PBS (pH 7.4) 
followed by 1 ml/g body wt of 5% paraformaldehyde in 0.3 M 
sodium phosphate buffer, pH 7.4, over a period of 10 min. The 
kidneys were removed and postfixed in the same fixative for 1 
h and then transferred through increasing concentrations of 
sucrose in PBS (2 h overnight) up to 16%. Tho kidneyB wens 
frozen to microtome chucks with powdered dry ice, and 20-ji.m. 
transverse sections were cut in the cryostat (-20°C) and 
mounted on subbed microscope slides. Sections were washed 
three times in PBS and preincubated for 30 min with 2% 
normal goat serum in PBS containing 0. 1% Triton X-100. The 
goat serum was then removed and replaced by diluted immune 
sera (1:5,000 to 1:10,000) in PBS containing 0.1% Triton 
X-100 and 0.1% BSA. The sections were then stored overnight 
at 4°U. The sections were rinsed with PBS and incubated with 
biotinylated goat anti-rabbit immunoglobulin G (Vector Labo- 
ratories) in a 1:222 dilution with PBS-Triton X-100-BSA. The 
sections were washed three times in PBS and incubated for 45 
min with sjxeptavidin-horseradish peroxidase conjugate. Un- 
bound conjugate was removed by washing with PBS. The 
peroxidase reaction was developed by treating the sections 
with a freshly prepared 0.05% solution of S.S'-diaminobenzi- 
dine (Sigma) containing 0.003% hydrogen peroxide in 50 mM 
phosphate buffer, pH 7.4, for 5-10 mm. One-hair of the slides 
were counteretained lightly with cresyl violet. All slides were 
dried, dehydrated in alcohol and xylene, coverslipped with 
Permount (Fisher Scientific, Pittsburgh, PA), and viewed 
under a ZeisB microscope. 

Additional immunocytochemrcal staining was conducted on 
kidney sections from nonperfused animals. The sections were 
prepared identically as described above for in situ hybridisa- 
tion. i.e., unfixed cryofitat kidney sections were mounted on 
slides and fixed in 3% paraformaldehyde for 5 nun. Sections 
were also processed identically for immunohistochernistry 
through the biotinylated secondary antibody step. After wash- 
ing, the slides were incubated with fluorescein isothiocyanate- 
labelcd ovidin (Vector Ubs) at a dilution of 1:100 for 1 h at 
room temperature, washed, dried, and coverslippcd with min- 
eral oil Sections were viewed under a Zeiss rruerweope 
equipped with a morcu ry /xenon lamp and epifluorescence. 

Immunocytochcmieal controls consisted of staining in the 
presence of preiramune serum or immune serum preabsorbed 
with purified EAP. mAAP, and DPP IV at a concentration of 1 
ug/ml. 
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Pig. 4. Immunoblots of rat kidney EAP. Purified EAP CA) and homogeoate protein (36 MJl/lane) t°t«l kidney 
(K), outer medulla OA), and isolated glomeruli (G) were separated by SDS-polyacrytamida gel electrophoresis under 
reducing oonditiona, transferred to nitrocellulose sheeta. and immunostained with EAP onliserom (1:1,000 dilution). 
Size of labeled bands was determined by comparison to molecular roasB markers (29-205 kD*). The stain ing pattern 
witn control immune serum was compared with that with ittimuneaerum prcabsorbed with eiUwr 1 iig/ml dipeptidyl 
peptidase IV (+DPP TV) or with l.M^/ml membrane alanyi uminopeptidase (■fmAAP). The siae of the putative EAP 
protein from this typical experiment (arrow) waB 139 kDa. 



RESULTS 

Amplification of rat kidney cDNA with PCft primers 
based on the murine BP-1/6C3. sequence resulted in 
generation of a PCR product of the predicted size (Fig. 
1). Pour clones were sequenced, and each contained 
identical cDNA inserts (Fig. 2). The 450-bp cDNAs were 
90% and 82% identical at the nucleotide level and 92% 
and 86% identical at the amino acid level to the BP-1/ 
6C3 and gpl60 differentiation antigen sequences, respec- 
tively (Fig. 2). Examination of the partial cDNA in the 
area encoding the zinc-binding domain indicated that 
the predicted amino acid sequence was identical to. the 
zinc-binding domain of the BP-1/6C3 and gpl60 anti- 
gens (Fig. 2). 

Northern blot hybridization studies of rat kidney or 
jejunum total RNA with the rat partial cDNA resulted in 
strong hybridization of a band at 4.1 kb (Fig, 3). A less 
intense band was seen at 6.3 kb. 



Studies by Herzig et al. (17) suggested that one form 
of EAP was distributed on both tubules and glomeruli 
and a second isoform was expressed on tubules only. We 
therefore compared the SDS-PAGE immunoblol stain- 
ing for EAP from isolated glomeruli to that seen with 
total kidney homogenates and outer medulla (enriched 
with tubular segments) homogenate. Immunoblots with 
EAP antiserum (1:1,000 dilution) typically resulted in 
labeling of three bands: 136 ± 0.9, 128 ± 0.9, and 106 ± 
1.2 kDa (n = 5) (Fig. 4). A fourth lightly stained band 
was seen at —50 kDa and was most prominent in the 
protein from the isolated glomeruli. The immunoblot 
pattern of staining was similar to that reported previ- 
ously for kidney homogenates (31) except that the 
diffuse upper band seen previously could now be sepa- 
rated into two distinct bands of 137 and 129 kDa. The 
outer medulla and the isolated glomeruli yielded a 
similar pattern of staining except that the staining was 



Sat BAP 



Murine 
BP-1/6C3 



Gln-Val-Lya-Pro-Ile-Ala-x«-Se!r-I^u-^ly-^-<Jln-xxx-Thr-Gly-Ser-xwc-ne. 
. . .Gln~Val-LYS-PrO-Val-Ala-ABp-Leu--Leu-Gly-Trp-Gln-Asp-Thr-Gly-Ser-His-Ile. . - 
. . .Gln-Val-Lys-Pro-Ile-Alii-Asp-Ser-LeuHSly-Tr^-Asn-Asp-AU-Gly-A^-His-Jfal. . . 



Human • 
gpl60 

Fig. 5. Amino add tequence of a partial tryptie peptide of EAP purified Drum rat kidney. XXX, amino acids that could 
not he identified with certainty. Amino odds from corresponding regions of BP-1/6C8 or gpl60 that worn not identical 
to the rat eexni ence are underlined. 
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Fig. 6. In situ hybridization of rat kidney EAP mRNA. Shown w an 
autoradjogram of a transverse election or rat kidney incubated with an 
EAP ontisense ^labeled riboprobe and capoaid to Kndak XAK film 
for 3 days. The heaviest labeling was in the outer stripe (os) of the 
outer medulla, extending into the cortex (c) as the medullary rays. 
Cortical labeling yras punctate, with the size and distribution nuggEj- 
tivc of glomeruli. The tenor stripe fig) or the outer medulla and the 
inner medulla (im) were not labeled. Scale bar, 3 ram; 

more intense with the isolated glomeruli. This is consis- 
tent with the EAP-specUjc activity being elevated in the 
isolated glomeruli compared with either the total kidney 
homogenate or the outer medulla homogenate: kidney 
l- 13.3 ± 2.3, outer medulla 13.5 ± 1.1, and glomeruli 
45.2 ± 4.7 junol-h-' mg protein-' (n = 5). Interest- 
ingly, only a single band of 132 ± 1.9 kDa was seen with 
f EAP purified from rat kidney (Fig. 4). To determine if 
' the smaller bands were proteolytic products of the 
137-kDa band, we isolated kidney protein in the pres- 
ence of a battery of protease inhibitors (18). Irnmuno- 
staining of kidney protein under these conditions did 
not alter the pattern of the inununostaining (data not 
shown). Previous studies indicated that preabsorption 
of the EAP antiserum with purified kidney EAP com- 
pletely blocked the immunoblot staining (31), results 
that were confirmed in this study by preabsorption with 
^ 1 ng/ml of purified EAP (data not shown). We then 
f determined if the antiserum cross-reacted with other 
aminopeptidases, namely mAAP and DPP IV. Preabsorp- 
tion of the EAP antiserum with DPP IV blocked the 
staining of the 106- and 50-kDa bands (Fig. 4). The 
lmmunostaining of the highet-moleciilar-woight dou- 
blet was not affected. Likewise, preabsorption of the 



antiserum with purified mAAP blocked the staining of 
the 129-kDa band but not the 137-kDa or the 106-kDa 
band. Preabsorption of the antiserum with mAAP and 
DPP rV simultaneously resulted in staining of only the 
137-kDa band (data not shown). Preabsorption with 
mAAP or DPP IV, separately or together, did not affect 
the staining of the purified EAP, The slightly smaller 
form of the purified EAP compared with the EAP from 
kidney homogenatea can be accounted for by the use of 
autolysis as the first step in the purification to soluhilize 
. EAP from the kidney membranes (31). These results 
indicate that kidney EAP is 137 kDa, mAAP is 128 kDa, 
and DPP IV is 106 kDa on SDS-PAGE. 

Purified kidney EAP was subjected to tryptic diges- 
tion, and the fragments were separated by HPLC. A 
single fragment was selected for microsequencing. Four 
aminp acids within this 18-mer fragment could not be 
identified with certainty (Fig. 5). Comparison of the 14 
remaining amino acids to the BP-1/6C3 and gpl60 
amino acid sequences indicated that the peptide frag- 
ment corresponded to amino acids 714-731 of BP-1/ 
6C3 and 723-740 of gpl60. Twelve of the 14 amino acids 
were identical in the rat and mouse, with both substitu- 
tions being conservative (isoleucine for valine and serine 
for leucine). Four amino acids were different in rat and 
human, with only one (serine for aspartic acid) being 
nonconservative. 

The distribution of EAP mRNA localized by in situ 
hybridization was compared with the distribution of the 
enzyme localized by immunocytocheraistry. In situ hy- 
bridization of rat kidney EAP with M S-)abeled antisense 
single-stranded riboprobes indicated that EAP mRNA 
was highest in the outer stripe of the outer medulla, 
corresponding to the S3 segment of the proximal tubule, 
and to both superficial and juxtamedullary glomeruli in 
the cortex (Fig. 6). The low-power in situ hybridization 
suggested that there was minimal tubular labeling in 
the cortex. This was confirmed by higher resolution in 
situ hybridization, which indicated that the cortical 
labeling was primarily within glomeruli (Fig. 7). There 
was a notable absence of labeling of the proximal 
convoluted tubules (e.g., surrounding the glomerulus.in 
Fig. 7A). Other cortical tubules, including distal convo- 
luted tubules and cortical collecting ducts, were also 
unlabeled. High-resolution in situ hybridization indi- 
cated that the glomerular labeling was not distributed 
uniformly but that, depending on the plane of section, 
labeling was concentrated in bands and patches (Fig. 7, 
B~E). The majority of the cells within the glomeruli 
were not labeled. This pattern of labeling is roost 
consistent with labeling of mesangial cells and not 
epithelial or endothelial cells, but the identity of the 
labeled cells could not be determined unequivocally. 
Labeling was also seen within the terminal portion of 
the afferent arteriole corresponding to juxtaglomerular 
(JG) cells (Fig. 8A). There was no detectable labeling 
elsewhere within the vasculature. In larger caliber 
vessels it was possible to determine that neither the 
endothelial cells nor the tunica media smooth muscle 
cells were labeled (Fig 85), In the medulla, positive 
hybridization was detected primarily within descending 
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Fig 7 In situ hybridisation of EAP mRNA within glomeruli. Sections of rat kidney similar to that shown in FigJ 
ware dipped in liquid emulsion and exposed for a period of 1 mo. Sections were counldrstamed ligh% with cresyi 
violet" Arintormcdiate magnification of a labeled glomerulus surrounded by unlabeled tubules. Scale bar, 40 urn. B: 
hieliex power magnification orthc gJomfernluH in A. Note that the pattern of labeling within the glomerulus is seen as 
duetorlof Silver grainE and that not all cell* are labeled. C-E: additional representative glomeruli sbowms 
labeling witbin glomeruli, inetoding patches (C), cord-like patches (D), and clusters of grains situated on the cxtrcnie 
edge of the glomerulus, generally near the vascular pole lE).F: labeling ©fa glomerulus from a section inculwled with 
an BAP ^S-lnbeled sanae riboprobc. Scale bar, 25 tun. 



proximal tubule segments in medullary rays in the outer 
stripe of the outer medulla (Figs. 6 and 8C). Tubules 
within the inner stripe of the outer medulla (including 
thick ascending limb cells) and inner medulla were also 
unlabeled. Contror hybridization with sense riboprobes 
yielded only diffuse background labeling (Figs. IF 
andSD). 

Previous studies characterizing the antiserum against 
rat kidney EAP for use in immunorytochemistry indi- 
cated that there was no cross-reactivity with the closely 
related enzyme mAAP (16, 31). However, under the 
conditions used for immunoblotting, the EAP antise- 
rum cross-reacted with both mAAP and DPP IV (Pig. 4). 
The degree of cross-reactivity seen with antiserum is 
related to the concentration of antiserum and antigen. 
In the imfnunoblot studies the antiserum was used at a 
dilution of 1:1,000. For immujiocytochcmifltry, dilutions 
of 1:5,000 or 1:10,000 were typically used (16). To 
determine the specificity of the antiserum under the 
conditions used for immunoeytochemistry, we repeated 
the preabsorption studies in the absence or presence of 1 
Hg/ml mAAP, 1 u,g/ml DPP IV, or 1 jig/ml EAP (Fig. 9). 
Low-power magnification of EAP staining in the kidney 
cortex indicated that heavy staining was present within 
tubules and less intense staining within glomeruli (Pig. 
9A). Preabsorption of the antiserum with either mAAP 
(Fig. 9B) or DPP IV (Fig. 9C) had no effect on the 
immunocytochemical staining pattern, whereas preab- 



sorption of the antiserum with EAP (Fig. 91?) almost 
completely abolished the immunostaining. Therefore, 
under the conditions that were used here for immunoey- 
tochemistry, we concluded that the antiserum was 
specific for EAP. 

Low-power magnification of immunostained sections 
of kidney cortex indicated that cortical irnmunostaining 
was primarily within proximal convoluted tubules (Fig. 
9). Immunostaining within glomeruli was apparently 
less intense and more diffuse (Fig. 9). The weak immuno- 
staining did not appear to correlate with the higher EAP 
activity seen in isolated glomerular preparations (above). 
We tben tested if the discrepancy between EAP activity 
and immunoreactivity within glomeruli was sensitive to 
the type of fixation. Indeed, cryostat sections that were 
lightly fixed directly on the slide exhibited intense EAP 
immunostaining within lie glomeruli (Fig. 10). The 
absence of EAP immunostaining within perrusion-fixed 
kidneys suggests that EAP immunoreactivity was dimin- 
ished within vascular elements, such as glomeruli, due 
to the relatively higher concentration of fixative within 
the vasculature during perfusion than in the surround- 
ing nonvascular tissues, such as tubules. Close examina- 
tion of the glomerular staining with EAP antiserum 
indicated that the immunoreactivity was concentrated 
primarily within mesangial cells. The stellate appear- 
ance of mesangial cells with multiple processes terminat- 
ing on glomerular capillaries was readily seen (Fig. 
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10B). EAP immunofluorescence appeared to he concen- 
trated at sites where mesangial cell processes contacted 
the capillary walls. Endothelial cells lining the capillar- 
ies were not labeled. Although the compromized preser- 
vation of the tissue made precise localization difficult, 
there was no clear demonstration of epithelial cell 
staining. Immunostaining within proximal tubules was 
concentrated solely within the apical brush border 
(Fig. 11). 

DISCUSSION 

As noted above, various lines of evidence indicate that 
the murine BP-1/6C3 and human gpl60 antigens are 
identical to EAP (23, 26, 33, 36, 37). To isolate a partial 
cDNA for rat kidney EAP, we designed oligonucleotide 
primers based on the murine BP-1/6C3 nucleotide 
sequence and used RT-PCR. The PCR product was 
highly similar to the BP-1/6C3 and gpl60 sequences: 
90% and 82% identical at the nucleotide level and 92% 
and 86% identical at the amino acid level, respectively. 
The amplified cDNA included the region of the zinc- 
binding domain, an area that is essential for EAP 
enzymatic activity (33). The predicted amino acid se- 
quence of the partial cDNA within the zinc-binding 
domain, was completely conserved compared with the 
murine BP-1/6C3 and human gpl60 sequences. North- 
ern blot analysis of rat kidney and small intestine total 
RNA resulted in labeling of a major band of 4.1 kb, 
identical in size to the BP-1/6C3 and gpl60 transcripts 
(23, 26, 36). Examination of the predicted amino acid 
sequence of the rat EAP with the murine EAP indicated 
that, of the 11 amino acid substitutions, six wore 
nonconservative, i.e., a charged amino add for. an un- 
charged amino acid. However, of the six nonconserva- 
tive substitutions between mouse BP-1/6C3 and rat 
EAP, five are either identical or conservative relative to 
the human gpl6Q sequence. In addition, the amino acid 
sequence of a tryptic digest peptide of EAP purified from 
rat kidney indicated that it was highly similar to a region 
of the BP-1/6C3 and gpl60 antigens. It is interesting to 
note that the two amino acids in the partial peptide 
fragment of kidney EAP that did not match the pre- 
dicted sequence of murine BP-1/.6C3 were conserved 
between the rat EAP and human gpl60 sequences. 
Thus, on the basis of the sequence analysis of the partial 
cDNA, the hybridization analysis, and the partial amino 



Fig. B. In situ hybridization of tubular and vascular elements labeled 
with on EAP antfscnso ^S-labeled riboprobo. A: shown is the terminal 
portion of an afferent arteriole (small arrows) as it gives off a short 
branch to 1 elomerahis (g) flnd then continues out of frame. The 
segment of the afferent arteriole that enters the glomurulua corre- 
sponds to the juxtaglomenj lar cell region. Note the moderate density 
of silver grains over tho juxtaglomerular cells (large arrow). B: cross 
section through a portion or on interlobular artery showing unlabeled 
endothelial cells (small arrows) and tho amooth muscle cells of tho 
tunica media (stars). Note the heavy labeling of the tubule immedi- 
ately adjacent to the artery. C: hiah-power view of a longitudinal 
section through a medullary ray showing heavily labeled straight 
descending proximal tubules adjacent to an unlabeled cortical collect- 
ing duct Ds hybridization of an EAP "^labeled sense riboprobe with a 
section through a medullary ruy similar to that shown in C. Note the 
complete absence of labeled tubules. Scale bar, 25 jim. 
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acid sequence, we conclude Lhat the rat kidney EAP is 
homologous to the murine BP-1/6C3 and human gpl60 
proteins. 

With antiserum raised against EAP purified from rat 
kidney, we noted previously that immunoblots with 
purified EAP yielded only a single band, whereas immu- 
noblots with kidney homogenates yielded two bands on 
SDS-PAGE (31). Here we showed similar results except 
that the broad upper band could now be distinguished as 
two distinct bands of 137 and 129 kDa- A lower band of 
106 kDa was also seen. It was not clear whether the 
multiple bands represented partial proteolytic digestion 
of the native enzyme, EAP isozymes, or cross-reactivity 
with a closely related cnzyme(s). We ruled out that the 
smaller bands were proteolytic products of EAP, be- 
cause the immunoblot pattern was unchanged when 
kidney tissue samples were isolated in the presence of a 
spectrum of protease inhibitors. As noted previously, 
some variation has been reported on the size of EAP 
monomers isolated from the kidney of various species (6, 
13, 17). However, we determined that the multiple 
bands actually represented cross-reactivity of the EAP 
antiserum with other kidney peptidases. Preabsorption 
of the EAP antiserum with purified mAAP blocked 
staining of the 129-kDa band, and preabsorption with 
purified DPP IV blocked staining of the 106-kDa band. 
Th0k!29- and 106-kDa bands are in good agreement with 
previous reports on the size of purified mAAP and DPP 
TV, respectively (2, 20). These-rfesults indicate that rat 
kidney expresses only a single sized EAP monomelic 
' form of 137 kDaon SDS-PAGE and that the additional 
bands seen on immunoblots of rat kidney represented 
cross-reactivity of the antiserum with mAAP and DPP 
rv. The cross-reactivity of the antiserum to other pepti- 
dases was somewhat surprising, since the purified EAP 
material had. ho detectable mAAP or DPP W activity. 
Since EAP and mAAP are related enzymes and are 34% 
identical (36), it is possible that these two enzymes share 
common epitopes. On the other hand, DPP IV and EAP 
are unrelated enzymes (serine proteinase vs. a metallo- 
proteinase). Moreover, comparison of the sequences of 
EAP and DPP IV revealed no significant homology. 
Since kidney DPP rv levels are high, the possibility that 
thepurified EAP material contained trace contaminants 
of enzymatically inactive DPP PV fragments cannot be 
ruled out. A repeat of the purification procedure while 
monitoring EAP -containing fractions by immunoblot- 
ting confirmed that the 106-kDa band was separated 
from the upper bands by phenyl Seph arose chromatogra- 
phy, the step at which DPP IV activity is separated from 
EAP/raAAP activity (unpublished observations). The 



Fig. 9. Effects of preabsorption of the EAP antiserum (1:5,000 
dilution J with purified mAAP and DPP IV on the immunatytochemi- 
csl staining pattern in rat kidney- A: irpmuncslnming With control 
untiBenim. Note the typical staining pattern in the outer cortex, with 
heavily labeled proximal convoluted tubules and lighter attuned glo- 
meruli. B; immuncataining with antiserum preabsorbed with mAAP 
(1 ug/ml). Note there ia no reduction in ataining. C: unmunoatainmg 
with antiserum preabsorbed with DPP IV ( 1 pg/ml). Note there is no 
reduction in Staining. D: unmunustoining with antiserum preabBorbcd 
with BAP (1 iifi/mD.Nolc the almontcomptetu absence ofimmunostain- 
ing. Scale bar. 100 urn. 




= -. : ». Pi- 



page 10113 • RCVD AT 5/16/2007 5:42:43 AM pacific Standard Time] * SVR:SVCS01/2 1 DNIS:6034 ■ CS!D:613 990 9719* DURATION (mm-ss):11-28 



05/16/2007 wed 8:57. PAX 613 990 9719 CiSti 



Ul/013 



RAT KIDNKY GLUTAMYL AMINOPBPTIDASE 



F555 



g?|B- >0. EAP immuiiofluoreacent staining wilhin a Kinmprulue. A 
jiSynonperfueed kidney was cryoatat sectioned, lixcd directly on the slide, 
» : ; arid immunoEtained with RAP antiserum uRin^nn immunofluoreecent 
method. Az photomicrograph of EAP immunoreactivity within a 
glomerulus. Note that EAP immunofluorescence wan concentrated 
within the mesangium, tpocifically within racsongiul cells (arrow) and 
•mesongiiJ cell processies. The endothelial cell lining Of capillaries were 
f/devoid or staining ('). Scale bar, 25 |im. D-. higher power photumicro- 
|>£raph <iJ"the labeled meaungial cell in A, shown by arrow. Note again 
I concentration of EAP immunofluorescence wilhin the merangial cell 
I^Qitoplaam and the processes (small arrowheads! that terminate on the 
^capillary wuIJk. Areaa of tllC capillary wall that mesangial cell processes ' 
*: .contact appeal- to have a greater density of EAP immunnreaclivity. 
Scale bar, 10 |im. 



|greater dilution of the antiserum for iramunocytochem- 
istry apparently minimizes the cross-reactivity prob- 
ileros, since the immunocytochemical staining patterns 
pwere not affected by preabsorption of the antiserum 
Lwith either mAAP or DPP IV. Furthermore, these 
Results raise doubts as to whether the multiple bands 
*^seen in previous immunoblot studies with EAP antise- 
rum actually represent EAP isoforms. Rather, our rc- 
: suits would suggest that the multiple hands either 
[represent degradation of EAT or cross-reactivity to a 
^hon-EAP protein. 



With only one exception, the distributions of EAP 
mRNA and EAP immunoreactivity within rat kidney 
were very similar. The highest levels of EAP mRNA 
were detected within the outer stripe of the outer 
medulla. High-resolution in situ hybridization indicated 
that the labeling in the outer stripe was restricted to the 
straight descending (S3) segment of the proximal tu- 
bules. The S3 segment of the proximal tubule also 
contained high levels of EAP immunoreactivity, confirm- 
ing previous histochemical studies (21, 26). No EAP 
mRNA was detected, however, within proximal convo- 
luted tubules, an area that contains high levels of EAP 
immunoreactivity. The reason for the apparent discrep- 
ancy between hybridization and immunoreactivity pat- 
terns in the proximal convoluted tubule is unlikely to be 
due to the existence of different EAP isozymes, since the 
probe used for in situ hybridization would be expected to 
recognize transcripts from all EAP isozymes; the probe 
contained the region of the zinc-binding domain, an area 
absolutely essential for EAP activity (33). Another 
possible explanation for the high level of EAP immuno- 
reactivity and the. low level of EAP mRNA in the 




FiglL High-power photomicrograph of EAP immunoreactivity with ill 
proximal tubules. A: immunontaining within a proximal tubule cut in 
cross section. Note that the staining is restricted to the upical 
meinbro.no (arrow). B: Ktaim'ng in presence of preimmune Herum. Note 
absence of apical membrane inununcslainirig (arrow). Scale bar, 
10 am. 
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proximal convoluted tubules could be that there is low 
turnover of the EAP protein within convoluted tubules 
(and thus low mRNA), Likewise, the absence of detect- 
able EAP mRNA in proximal convoluted tubules might 
simply reflect the lower sensitivity of the in situ hybrid- 
ization method. 

BAP immunoreactivity and mRNA were not detected 
in large blood vessels. Relatively low concentrations of 
EAP mRNA could be detected within some, but not all, 
afferent arteriole JG celle. EAP immunoreactivity was 
not consistently seen within JG cells. Whether this 
indicates that expression of EAP in the JG cells is near 
the level of detection for both techniques or whether 
there is only a subset of afferent arterioles that express 
EAP is not clear at thia time. Higher levels of EAP 
mRNA and immunoreactivity were detected in glo- 
meruli. The presence of EAP immunoreactivity and 
EAP mRNA within glomeruli confirmed the results that 
indicated that EAP enzymatic activity was enriched in 
isolated glomeruli compared with kidney homogenates. 
High-resolution in. situ hybridization indicated that 
EAP mRNA was not uniformly distributed within the 
glomeruli. Rather, the hybridization pattern was cord- 
like patches, suggestive of labeling within the mesan- 
gium, possibly mesangial cells, Iinmunocyto chemical 
staining of EAP within glomeruli from perfuBion-fixcd 
kidneys was diffuse and could not be localized to distinct 
cell bodies. However, in nonpe,rfused kidneys where 
sections were fixed directly pn the slides, EAP immuno- 
fluorescence was -concentrated within mesangial cells, 
and in particular in areas where mesangial cell processes 
contacted capillary walls. The presence of EAP immuno- 
reactivity within mesangial cell bodies is consistent with 
the in situ hybridization pattern of EAP mRNA in 
glomeruli. EAP immunoreactivity within mesangial cells 
is also consistent with a previous report from our 
laboratory that showed that EAP immunoreactivity in 
rat brain, is associated with cerebral micro vessel peri- 
cytes (16). Pericytes and mesangial cells are both perivas- 
cular adventitial cells that are known to have extensive 
cell processes that entwine small blood vessels. Both cell 
types are thought to be derived from the same progeni- 
tor cells (29). 

Although EAP is not specific for a single substrate, 
some degree of functional specificity would occur if EAP 
was localized to cells that were exposed to extracellular 
fluids enriched with a particular substrate. EAP has 
been shown to hydrolyze [Asp 1 }ANG II to ANG III 
([des-Asp l lANG II) (1, 21, 34). In most tissues ANG III 
is less potent than ANG II, so the hydrolysis of ANG II 
by EAP is viewed as a degradation step (34). However, 
some studies indicate that the lower potency of ANG III 
is attributed to the greater susceptibility of this peptide 
to enzymatic degradation (34). In some tissues, includ- 
ing brain and adrenal, ANG III has significant bioactiv- 
ity (12, 35), suggesting that the hydrolysis of ANG II to 
ANG HI is a conversion step rather than degradation. It 
is interesting then to consider that the distribution of 
EAP within the kidney coincides with cells known to 
express ANG II receptors, principally the type 1 receptor 
subtype (4, 7, 9, 14, 27, 30, 38). ANG II receptors arc 



known to be present on juxtaglomerular cells, mesangial 
cells, afferent and efferent arterioles, and proximal 
tubules. In addition, all the components of the renin- 
angiotensin system are localized within the kidney (3, 
32). Thus the eotocalization of EAP and ANG H recep- 
tors within the kidney suggests that EAP could play an 
important role in modulating the activity of both circu- 
lating and locally formed ANG H. 
In summary, the results presented here indicate that 

1) rat kidney EAP is homologous to the murine BP-1/ 
6C3 and human kidney gpl60 differentiation antignns; 

2) the monomeric form of EAP in rat kidney is a 
single-sized protein of 137 kDa; 3) rat kidney EAP gene 
expression is highest within the proximal tubules and 
glomerular mesangial cells; and 4) the localization of 
EAP within the kidney correlates with the cellular 
distribution of ANG II receptors. EAP may therefore 
have multiple physiological functions within the kidney, 
depending on its localization, i.e., metabolism of oligopep- 
tides in the glomerular filtrate and degradation/ 
conversion of circulating or intrarenally synthesized 
bioactive peptides, including ANG II. 
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ABSTRACT 

Recent studies have demonstrated a strong correlation between infection and preterm'labor. Preterm deliv- 
ery is also associated with high levels of cytokines and prostaglandins in amniotic fluid. The purpose of this 
study was to investigate the effect of tumor necrosis factor-a (TNF-a) on the levels of cydooxygenase, 
prostaglandin E 2 production (PGE 2 ), and expression of the PGE 2 receptor subtype EP1 in amnion WISH cell 
culture. Amnion WISH cell cultures were incubated in increasing concentrations of TNF-a (0-50 ng/mi). 
Changes in cydooxygenase and EP1 receptor proteins were evaluated by Western blot analysis. Changes in 
EP1 mRNA were evaluated by Northern blot, and culture fluid concentrations of PGE 2 were estimated by 
enzyme immunoassay (EIA). EP1 protein (p < 0.01), EP1 mRNA (p < 0.05), cyclooxygenase-2 (COX-2) pro- 
tein (p < 0.001), and PGEi concentrations {p < 0.01) all increased with increasing concentrations of TNF-a. 
Changes in COX-1 protein were not observed following TNF-a-incubation. The results suggest that TNF-a 
may play a role in infection-induced preterm labor by its pleiotropic ability to simultaneously stimulate 
COX-2 activity, PGE 2 concentrations, and PGE2 EP1 receptor levels in human amnion. 



INTRODUCTION 

Preterm DRi.ivERiES are A leading cause of infant mor- 
bidity and mortality 11 ' and often are associated with preterm 
labor (PTL) and premature rupture of the membranes (PROM). 
The underlying causes of PTL and PROM have not been fully 
defined. Among a number of factors associated with PTL 
and PROM is a strong correlation with infection. 12 ' Intraamni- 
otic infection is a common finding in women with PTL 
and PROM.' 3 ' In addition, cytokines are often found in amni- 
otic fluid of patients experiencing preterm labor. (4) along 
with increases in amniotic fluid prostaglandins, including 
prostaglandin E 2 (PGE2). (5) Prostaglandins are known to in- 
crease during term and preterm labor,' 6 ' are believed to be a 
major component of the biochemical processes associated 
with labor/ 7 * and aire clinically used as both abortifacents 
(prostaglandin F^, PGr^a) and as inducers of cervical ripen- 
ing/ 8 ' Several cytokines, including interieukin- 10 (TL- 1/3) and 
tumor necrosis factor-a (TNF-or), have been identified as stim- 
ulators of prostaglandin production and increased cydooxygen- 
ase activity in a variety of reproductive tissues.' 9,10 ' Cydooxy- 



genase, the enzyme that converts arachidonic acid to 
prostaglandins, is present in two forms, a constitutive form 
(COX-1) and an inducible form (COX-2).' 1 " Changes in 
COX-2 levels and activity have been well documented in ma- 
ternal and fetal tissues during labor.' 12 ' 

The actions of PGE2 are mediated by its binding to specific 
membrane receptors, which in turn activate second messenger 
systems and initiate cellular function.' 13 ' PCE receptors are 
classified into four subtypes, EP1, EP2, EP3, and EP4, on the 
basis of their response to various agonists and antagonists.' 14 ' 
The binding affinity of the EP1 receptor for PGEj is highly spe- 
cific with a poor affinity for other prostaglandins, including 
PGF^.' 15 ' In general, EP1 and EP3 receptors are associated 
with stimulatory functions. The EP1 receptor has been associ- 
ated with changes in intracellular calcium and smooth muscle 
contraction, including myometrium.' 16 ' 

Despite the abundance of evidence demonstrating an asso- 
ciation between term and preterm labor with increased 
prostaglandins and cytokines in amniotic fluid, the mechanisms 
for production and regulation of these agents during infection- 
induced preterm labor are still unclear. In addition, the regula- 
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tion of PGE2 receptors in maternal-fetal tissues has not been 
extensively explored. If infection-induced cytokine production 
leads to increased prostaglandin production, the most likely ini- 
tial target for infection-produced cytokines would be the fetal 
amnion, as it would be (he first tissue exposed to elevated cy- 
tokine concentrations. Therefore, in view of the possible role 
of PGE2 in the mechanism of cytokine-induced preterm labor, 
we sought to investigate the effect of TNF-a on the levels of 
cyclooxygenase, PGE2 production, and the expression of the 
PGE receptor subtype EP1 in amnion WISH cells in culture. 

MATERIALS AND METHODS 

Cell cultures 

The human amnion cell line WISH (Wistar Institute Susan 
Hayflick) was used to conduct these experiments. Amnion 
WISH cells (American Type Culture Collection, Washington, 
DC) were seeded into sterile vented 25 cm 2 polyethylene tis- 
sue culture flasks at a concentration of approximately 5 X 10 6 
cells per flask. The culture medium consisted of Dulbecco's 
modified Eagle's medium (DMEM) F-12 Ham mixture (1:1) 
containing 15% heat-inactivated fetal bovine serum (FBS) sup- 
plemented with IS mM HEPES, 2 mM L-glutamine, 100 g/ml 
gentamicin, and 25 pg/ml amphotericin B. Cultures were grown 
to 80% confluence in a humidified incubator at 37°C and 
5%C0 2 . 

After the cells reached 80% confluence, the culture medium 
was removed, and the cells were washed in phosphate-buffered 
saline (PBS) and incubated for 18 h in concentrations of 
TNF-a (2, 10, 25, and 50 ng/ml). To verify that changes in EP1 
receptor protein were not a function of a feedback loop in- 
volving PGE2, cultures were also incubated with a high con- 
centration TNF-a (50 ng/ml) and indomethacin (10 mg/ml) in 
combination. Indomethacin is a class II nonsteroidal anti- 
inflammatory drug (NSAID) that prevents the overall produc- 
tion of prostaglandins by competitive inhibition of the enzyme 
cyclooxygenase/ 11 ' Cultures incubated in medium alone served 
as controls. 

After incubation in TNF-a, cells were scraped and homog- 
enized on ice in a glass-Teflon homogenizer in 50 mM Tris, 
pH 7.5, containing 2 mM EDTA, 0.25 M sucrose, 10 /ig/ml 
leupeptin, 50 jig/ml pepstatin A 1 mM PMSF, 1 mM DTT. 
with 1% Triton-X 100. After 30 rain, the crude homogenate 
was spun at lOOOg for 15 min. Crude homogenates were as- 
sayed for protein content using a micro-bicinchoninic acid 
method (BCA) with BSA as standard/ 17 ' An aliquot of culture 
fluid was collected for PGE2 measurement by enzyme im- 
munoassay (EIA) (Caymen Chemical Co, Arm Arbor, MI). 

Western blot analysis 

Changes in EP1 receptor and cyclooxygenase protein levels 
were evaluated by Western blot analysis. Total protein lysate 
(25 /*g) was separated on a 7.5% Tris-glycine gel by elec- 
trophoresis (SDS-PAGE). Molecular weights were estimated 
using prestatned molecular weight markers (Bio-Rad Labs., 
Hercules, CA). Following SDS-PAGE, proteins were trans- 
ferred to nitrocellulose membranes for 2 h at 200 mA in 25 mM 
Tris and 192 mM glycine buffer, pH 8.3, containing 20% 
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methanol. EP1 receptor bands were detected using EP1 poly- 
clonal antibodies, prepared as previously described/ 18 ' Equal 
protein loading was verified by staining the nitrocellulose mem- 
branes with 0.1% Ponceau S solution. 

Changes in COX-1 and COX-2 enzymes were evaluated us- 
ing polyclonal antibodies (Caymen Chemical Co.) The COX-2 
primary antibody did not cross-react with the COX-1 primary 
antibody. Prestained molecular weight markers (BioRad) were 
used to identify molecular weights for cyclooxygenase enzyme 
proteins. Purified COX- 1 and COX-2 isolated from ovine pla- 
centa (Caymen Chemical Co.) were used as standards. 

Blots were developed with an enhanced cherailuminescence 
detection system (Amersham; Arlington Heights, IL). and band 
intensity was measured after scanning the gels with image 
analysis software (Jandel Scientific, San Rafael, CA). 

Northern blot analysis 

Changes in EP1 mRNA synthesis were evaluated by North- 
ern blot analysis. After incubation of cultured cells in TNF-a, 
total RNA was extracted using the Tri-Reagent procedure (Mol- 
ecular Research, Inc., Cincinnati, OH). Absorbance at 260 nm 
was used to estimate total RNA. The A260:A280 ratio was used 
to estimate the purity of the preparation. 

Total RNA (15 fig) was separated on a 1% denaturing 
agarose gel at 90 V. RNA was transferred to nylon membrane 
overnight in 20X sodium citrate buffer (SSC) (3 M NaCl, 0.3 
M C6HjNa307-2H20 using a downward transfer system 
(Schleicher & Schull, Keene, NH) and cross-linked with UV 
light (0.29 J/cm 2 ). Nucleic acid size was determined using RNA 
molecular weight markers (BioRad). Equal loading was veri- 
fied by ethidium bromide staining. 1 

Membranes were hybridized with a denatured [^PJ-labeled 
EP1 cDNA probe (Merck Frosst, Quebec, Canada) in High Ef- 
ficiency Hybridization Buffer (Molecular Research, Inc.) 
overnight at 60°C. Blots were washed three times in lx 
SSC/0.1% SDS buffer for 7 min at 55°C and developed by au- 
toradiography. Bands were quantified using image analysis soft- 
ware (Jandel Scientific). 

Statistical analysis 

Statistical analysis of EP1 receptor and cyclooxygenase pro- 
tein density, mRNA density, and culture fluid PGE2 levels was 
performed using a one-way analysis of variance (ANOVA). 
Differences between groups were determined using a Student- 
Newman-Keuls multiple r-test p < 0.05 was considered sig- 
nificant 



RESULTS 

PGE2 production 

Incubation of amnion WISH cell cultures in TNF-a resulted 
in a significant increase in culture fluid PGE2 levels (pg//ig pro- 
tein/18 h) (p < 0.001, n = 6) for all concentrations of TNF-a 
elevated when compared with controls' (Fig. 1). Incubation of 
WISH cells with high TNF-a (50 ng/ml) and indomethacin (10 
Mg/ml) in combination resulted in inhibition of PGE2 Co near 
control levels. 
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FIG. 1. The effect of TNF-a on amnion WISH cell culture 
fluid PGE2 concentrations and PGEj levels after coincubation 
of cells in TNF-or and indomethacin (Indo). Data are expressed 
as mean ± SEM, n = 6 replicates per each TNF-a concentra- 
tion. *Significant difference from control, p < 0.01. Above a 
concentration of 2 ng/ml there is a significant increase in PGEj 
production that is not dose dependent and is inhibited by in- 
domethacin. 



Western blot analysis 

Cyclooxygenase. Incubation of amnion cell cultures in in- 
creasing concentrations of TNF-a resulted in a dose-dependent 
increase in the 74 kDa COX-2 isoform protein (r = 0.783) (Fig. 
2). A significant difference (p < 0.001, n = 6) in protein den- 
sity was observed for all concentrations of TNF-or evaluated. 
No change id tbc'72 kDa COX-1 protein (n = 4) was observed 
over the range of TNF-a concentrations evaluated when com- 
pared with controls (Fig. 2). Coincubation of amnion cultures 
in TNF-a and indomethacin had no effect on COX-1 or 
COX-2 protein production. 
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FIG. 3. Representative Western blot for EP1 proteins incu- 
bated in increasing concentrations of TNF-a alone and in com- 
bination with indomethacin (Indo). EP1 receptor proteins were 
increased with increasing TNF-a concentrations of 10 ng/ml or 
greater. Indomethacin did not inhibit production of the EP 1 pro- 
tein. 



PGE2 EP1 Receptor Subtype. Western blot analysis of cell 
homogenates for the EP1 receptor protein demonstrated the 
presence of a single band that migrated at a molecular weight 
of approximately 42 kDa. Incubation of amnion cells in 
TNF-a resulted in the increased synthesis of EP1 receptor pro- 
teins for concentrations >10 ng/ml (p < 0.01, n = 6) (Fig. 3). 
The production of EP1 receptor proteins was unaffected by the 
indomethacin inhibition of PGE2 synthesis. 

Northern blot analysis 

Northern blot analysis demonstrated a dose-dependent in- 
crease in EP1 mRNA (4.6 kb) with increasing concentrations 
of TNF-a (r = 0.85, p < 0.05, n = 3) (Fig. 4). Coincubation of 
amnion cells with indomethacin and TNF-a had no effect on 
EP1 mRNA synthesis. 
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FIG. 2. Representative Western blots demonstrating the effect of increasing concentrations of TNF-a on the 72 kDa COX-l 
and the 74 kDa COX-2 protein concentrations in amnion WISH cells. COX-2 protein levels are increased in the presence of TNF- 
or. The increase is dose-dependent (r = 0.783) and ib not inhibited by indomethacin. COX-1 proteins were unaffected. 
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FIG. 4. Representative Northern blot of EP1 mRNA for cells incubated in increasing concentrations of TNF-a alone and in 
combination with indomethacin (Indo). (Top) Graphic representation of arbitrary density. The migration of the 28S ribosomal 
RNA band is indicated. Equal loading was verified by ethidium bromide staining of the 28S and 18S RNA bands. EP1 mRNA 
increased with increasing concentrations of TNF-a (r = 0.850). 



DISCUSSION 

We investigated the effects Of the cytokine TNF-a on a 
human amnion cell line originally established in 1958. The 
cell line was established from a primary monolayer of human 
amnion, which was subsequently submitted to the American 
Type Culture Collection in the 163rd passage in June 
I963. (19) This cell line has served as a model system for stud- 
ies of amnion cell prostaglandin regulation by a number of 
investigators, and it has been shown previously that proin- 
flammatory cytokines, such as IL-10 and TNF-a, when added 
to amnion WISH cell cultures, will cause enhanced produc- 
tion of PGE2. (20) Furthermore, the concentration of TNF-a 
required to stimulate PGE production in human amnion ap- 
pears to be similar to the concentrations of TNF-a found 
in the amniotic fluid of women with preterm labor and chorio- 
amnionitis.^ 21 ' 

Cytokines, including TNF-a, have been demonstrated to af- 
fect PGEj production in a number of other tissue types. lM) In 
this study, we have demonstrated that exposure of amnion 
WISH cells to TNF-a causes a significant increase in PGE? 
production and has a striking effect on the amount and activity 
of the inducible form of cyclooxygenase, COX-2. TNF-a has 
been demonstrated previously to induce COX-2 activity and 
concentrations in amnion that parallel prostaglandin produc- 
tion,* 1 ^ and the concentrations of TNF-a used in the present 
study were similar to those used by previous investigators to 
study COX-2 in primary amnion cultures/ 21 * It is clinically sig- 
nificant that the concentrations of TNF-a used in this and other 
studies are similar to concentrations of TNF-a found in human 
amniotic fluid in vivo. Importantly, we observed that despite 
high levels of TNF-a-induced PGE2, the amount of both the 
EPI receptor protein and mRNA increased. Previous studies in 



our laboratory' have demonstrated that PE1 receptors, in the ab- 
sence of cytokine stimulation, are effectively downregulatcd by 
increasing concentrations of the agonist GPE2. The mechanism 
for this reduction is probably the sequestration and degradation 
of the receptor because decreased protein levels are not ac- 
companied by a similar decrease in EPI mRNA. EPI receptor 
levels also continue to increase in the presence of TNF-a de- 
spite inhibition of cyclooxygenase activity by indomethacin, 
further supporting a direct effect of TNF-a on EPI receptor 
production independent of PGEj levels. 

TNF-a appears to shortcircuit the normal pathways for re- 
ceptor downregulation in the presence of increasing agonist. 
This may play an important role in the mediation of infec- 
tion-induced preterm labor. In contrast to the physiologic 
downregulation associated with PGE2 exposure, continuing 
stimulation by infection-induced cytokine release would not 
only produce a sustained release of PGE2 but would also 
cause a synergistic decrease in the stimulatory threshold re- 
quired to effect PGE2 production by the amnion cells. Thus, 
stimulation of PGEj associated with infection-related cy- 
tokines would fail to respond to normal cellular control mech- 
anisms and would then lead to irreversible stimulation of the 
myometrium. 

There is little evidence for a direct effect of cytokines on 
myometrial contractility, and it is likely that they act through 
one or more mediators. A probable candidate for this role is 
PGE2. Unlike oxytocin, which has minimal effect on uterine 
smooth muscle until close to term, PGE? stimulates myometrial 
activity in nonpregnant women as well as throughout gestation. 
Because the amnion is a well-established source of PGE2 and 
is in direct contact with both amniotic fluid and the uterine de- 
cidua, it is a good candidate for the production of sufficient 
quantities of PGE2 to both induce and sustain continued and 
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coordinated uterine muscle contractions. Stimulation of the EP1 
receptor is associated with smooth muscle contractions in a 
number of tissues, including the uterus. (16) 

The actions of all known cytokines are pleiotropic in their 
biologic effects because of their ability to elicit a number of 
effects in a number of different tissues.' 23 * The actions of 
TNF-a in amnion WISH cells are consistent in this regard 
through its ability to simultaneously stimulate COX-2 activ- 
ity and subsequent PGE2 production, as well as EP1 recep- 
tor levels. Amnion cells producing high levels of PGE2 in the 
presence of TNF-a, 8 condition that might be similar in preg- 
nant patients with chorioamnionitis, also produced increased 
numbers of PGEj EP1 receptors. This highly unusual re- 
sponse would suggest that EP1 receptor production exceeds 
the rate of internalization of the agonist-bound receptor, as 
we observed an increase in both EPI protein and mRNA syn- 
thesis. Previous experiments by our laboratory have demon- 
strated that IL- 1 /3 has the same effect on PGE2 production 
and EPI receptor expression/ 18 ' In addition, the possibility 
of multiple TNF-a receptor types being stimulated and in- 
volved in this response must be considered. Two distinct re- 
ceptor types for TNF-a have been identified and observed to 
act both through separate signal pathways and in a synergis- 
tic manner/ 2 *' 

In summary, the findings of this investigation suggest that 
TNF-a may play a decisive role in the initiation of infection- 
induced preterm labor by its pleiotropic ability to simultane- 
ously stimulate COX-2 activity, PGE 2 concentrations, and EPI 
receptor levels in human amnion. Studies are underway to char- 
acterize the effects of these cytokines on human myometrial 
cells.- 
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Abstract 

As compared to standard glucocorticoids 
(GC), prednicarbate (PC) is favorable in the 
treatment of eczema due to its high benefit/ 
risk ratio. The remarkable anti-inflammatory 
effects of PC are in strong contrast to its 
reported low glucocorticoid receptor (GR) 
binding affinity. In transfected COS-7 cells we 
related the transcriptional patencies of PC, its 
metabolites and conventional GC to their re- 
ceptor binding properties. Moreover, the ex- 
pression pattern of the human GR isoform 
tiGRa and its mutual dominant negative in- 
hibitor hGRfl in skin cells have been investi- 
gated as well as the influence of hGRfJ on 
receptor binding and transactivation. hGRa 



mRNA and protein was largely overex- 
pressed in skin cells. hGRP showed no in- 
fluence on hGRa binding and transactivation. 
Concentration response curves indicated the 
greater transactivation potency of betame- 
thasone 1 7-valcrate followed by dexametha- 
sone and prednisolone 17-ethylcarbonate. 
Native PC appeared almost as potent as 
dexamethasone. With both a strong correla- 
tion was observed between transactivation 
and GR binding. 

, Copyright C 2003 S. KargerAG, Basel 



Introduction 

Topical glucocorticoids (GC) are the most 
effective treatment currently available for in- 
flammatory skin diseases. The potent sup- 
pression of inflammation, however, is associ- 
ated with a serious side effect on fibroblast 
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proliferation leading to skin atrophy following 
prolonged GC application. Prednicarbate 
(PC) is the first topical GC with an improved 
benefit/risk raiio combining significant anti- 
inflammatory activity with minor reduction 
of skin thickness, as compared to eg. betame- 
thasone I7-valerate (BMV) [1-3). The results 
of clinical studies arc confirmed by those of 
cell culture experiments [4. 5]. In the skin PC 
is metabolized by estcr-clcavagc resulting in 
the formation of prednisolone 17-ethylcar- 
bonate (P17EC), which is converted to pred- 
nisolone 21-clhylcarbonate (P21EQ and fi- 
nally to prednisolone (PD). The hydrolytic 
rate, however, differs in keratinocytcs and 
fibroblasts, which is not true with BMV (6-8). 

GC effects are mediated by the intracellu- 
lar glucocorticoid receptor (GR) lransactivat- 
ing or repressing target genes (for review see 
[9]). In man, two isoforms of GR named 
hGRa and hGRf) have been dctccled which 
differ only at their C-tcnnini [10]. The iso- 
forms result from an alternative splicing event 
in exon 9 of the human GR gene and are iden- 
tical through amino acid 727, but then they 
diverge. hGRp is unable to bind GC but has 
been reported to act as a dominant negative 
inhibitor of glucocorticoid-induced transacli- 
vation in some cell types [11-13]. However, it 
is still not clear whether this effect is specific 
or only results from non-specific squelching 
[14]. Elevated tissue levels of hGRp havebeen 
associated with e.g. steroid resistant asthma 
[15-17] and colitis ulcerosa [18] proposing a 
role for hGRp in tissue sensitivity to GC. 

To further identify the molecular mecha- 
nism of action of atrophogenic and less atn> 
phogenic GC, we have compared receptor 
binding and transactivation of PC and its 
metabolites to those of conventional GC as 
BMV and dexamethasone (DEX). Moreover, 
the expression of hGR(5 in cutaneous cells and 
its influence on hGRa binding and transacti- 
vation have been determined. 



Materials and Methods 

Material! 

Betamethasone 17-valerate (BMV) wax obtained 
from Glaxo Wellcumc (Hamburg. Germany), RU4S6, 
PC and it* metabolites (P17EC, P2IEC, PD) from 
Aventis Phanna (Frankfurt, Germany), [1,2,4,6,7- 
'Hldexarnethasonc (37 MBq/inl) from Amersham 
(Buckinghamshire, UK). IIPLC solvents were from 
Merck (Darmstadt, Germany). Betamethasone (BM), 
dexamethasone (DEX). reagents and media except 
where noted were purchased from Sigma (Dciscn- 
horen, Germany). Glucocorticoid stock solutions 
(10 mM) were Stored at -80* C and diluted in cthannl 
to the appropriate concentrations immediately before 
the experiments. 

Cell Culture and Tramfection 

Kcratinocytes and fibroblasts obtained from hu- 
man juvenile foreskin were cultivated as previously 
described [7J. For experiments cells of the second and 
third passage were used. COS-7 cells (ATCC, Rock- 
ville, MD) were cultured in Dulbecco's modified Ea- 
gle's medium (DMEM) containing 10% fetal cair se- 
rum (Biochrom, Berlin, Germany), ghitamin (2 mil), 
100 U/ral penicillin and 100 ug/ml streptomycin. The 
plasmids pRShGRu and pRShGRP coding for the 
human GRo and GR|J [10] wore kindly donated by Dr. 
R. Evans (Salk Institute, La Jolla, Calif.). pniGR cod- 
ing for the murine GR [19] and pMMTV-CAT con- 
taining the CAT gene under transcriptional control of 
the MMTV promoter were kindly provided by Dr. 
M. Daniclscn (Georgetown University, Washington, 
D.C.). Subconfluent COS-7 cells were transacted with 
a mixture of 1.25 tig plasmtd DNA and 5 ul Iiporee- 
tamine reagent per ml of scrum-free DMEM (GIBCO 
BRL, Life Technologies, Karlsruhe, Germany) accord- 
ing to the manufacturer's instructions. 

RT-PCR 

mRNA from keratinocytes and fibroblasts was ex- 
tracted using the QuickPrcp™ Micro mRNA purifica- 
tion kit (AmerSham, Buckinghamshire, UK) and quan- 
tified by UV-absorption (260 nm). 500 ng RNA was 
reverse transcribed by 200 U of Superscript™ II 
reverse transcriptase in the presence of oligo dT prim- 
ers (both GIB CO BRL. Gaithersburg. Md.) according 
to the manufacturer's instructions- For amplification 
of hGRa and hGRp cDNA a common 3' primer was 
used 5" CTT AAG GAC GGT CTG AAG AGC 3' cor- 
responding to nucleotides 2158-2178. Downstream 
primers were specific to hGRa and hGRfl mRNA 
respectively: hGRa nucleotide 2616-2635 (5' GCC 
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AAG TCT TGG CCC TCT AT 3") and hGRp nucleo- 
tide 2503-2523 (5' CCT AAG GAC GGT CTG AAG 
AGC 3 1 ). The mixture was incubuted with 1.25 U 
Thermus islandicus polymerase (Advanced Biotech- 
nologies. Epsom, UK) fox 2 min at 94 " C, then 10 cycles 
alWCfor I min,at60 , Cfor30s.at72'Cror30s, 
followed by 40 cycles at 92' C Tor 1 mm, at CO'C for 
30 s, at 72 " C for 30 3. 5 ul of the reaction mixture were 
removed at 2-cyclc intervals, amplified fragments were 
separated in 2 % agarose gels and stained with eibidium 
broroidc. Plotting the intensity or the ethidium bromide 
fluorescence as a function of cycle number for keratino- 
cylc and fibroblast cDNA generated amplification 
curves. These were also obtained for external standards 
of linearized pRShGRa and pRShGRfl plaSmids at 
ratios of 1:1 to 1,000:1. Plaiting the plasmid ratio 
against the difference in cycle UUinber required to 
amplify the same amount of cDNA resulted in a stan- 
dard curve which allowed to calculate the cellular 
hGRa/hGRp cDNA (and hence mRNA) ratio. 

Immunoblotling 

Cylosolic extracts from keratinocytes and fibro- 
blasts were prepared in a buffer containing 20 JhM 
Tris-IICI pH 7.5; 2 mM EDTA; 150 mWNaQ; 0.5% 
Triton X-100 and a mixture of protease inhibitors 
(0.1 tnM phenylmcthylsulfonyl fluoride. 1 ug/ial apro- 
tinin, 1 \xM pepstatin. 1 pWleupeptin). After determi- 
nation or the pmlcin concentrations 150 ug protein 
were resolved on 7.5% SDS-pulyacrylamidc gels, trans- 
ferred to polyvinylidcne difluoride membranes and 
blotted with hGRa and hGRp specific antibodies (Af- 
finity Biorcagcnts/Dianova, Hamburg, Germany). 

Hormone Binding 

Subconfiuent COS-7 cells were transfected with 
pRShGRa +/- a 5-fold molar excess or pRShGRp. For 
whole-cell binding assays cells splittcd into 24-wcll 
plates were incubated with GC (0.01-10,000 aAf) and 
[ 3 H]dexamcthasonc at 37 "C lor 2 h. For competition 
experiments 10 -aM [l-rjdcxamcthasonc were used. 
Cells washed twice with phosphate-buffered saline 
(PBS) were Iysed in buffer containing 2% SDS, 10% 
glycerol and 10 mAf Tris-HCl (pH 6.(t). Bound 
[ ] H]dexamethasonc was quantified by liquid scintilla- 
tion counting. Nonspecilic binding was determined by 
adding a 500-fold excess of nonlabckd dexametha- 
sonc. for cytosolic binding experiments IransFccted 
COS-7 cells were harvested 48 h after transfection and 
Iysed by sonication (Bandelin, Berlin, Germany) in a 
buffer containing 20 mAf Tris-HCl (pH 7.5), 1 mM 
EDTA, 10 mAf NaMoO*. 10% glycerol and 2 mAf 
DTT. Separated from cellular debris by ccntrifugation 



the supernatant was incubated for 3 h at 4'C with 
[ 3 H]dexamcihasonc with or without the competing ste- 
roids. 1% dextrane-coated charcoal suspension served 
to separate bound and free steroid. 

Tranjactivation 

COS-7 cells were transfected with pmGR or 
pRShGRu and a twofold molar excess of pMMTV- 
CAT. Cells splilted into 24-well plates were grown in 
the presence of GC (0.0 1-1 ,000 nM) for 24 h. To Study 
the influences of hGRp pRShGRP was cotransfcctcd 
at dirrcrcnt molar ratios. The total amount ol'DNA 
was kept constant by adding salmon sperm DNA, 
Transfectinn efficiency was determinable by 0.1 fig of 
pSV.ft-Gal (Promega, Mannheim, Germany) cotrans- 
fection. A modification of the phase separation meth- 
od served to measure CAT activity [20]. Deacetylascs 
of Iysed cells were inactivated by heating to 65 "C. 
200 ul reaction buffer (125 mM Tris-HCl pH 7.8, 
0.3 mM chloramphenicol) and 0.01 jtCi ('H]acetyl- 
CoA (1CN Biomedicals, Costa Mesa, Calif) were add- 
ed and the samples overlaid with 1 ml of a water- 
immiscible scintillation fluid (Econoflucr-2, Packard, 
Groningen, Netherlands) were incubated at 37"C for 
24 h. Transfection efficiency was measured using a gal. 
actosidase assay system (Promcga), 

HPLC 

To follow steroid metabolism COS-7 cells incu- 
bated in growth medium with PC were lyscd by 3 
Frccic/thaw cycles. Extraction and HPLC analysis 
were performed as described [7], In parallel COS-7 cell 
viability was controlled by MTT-test [7]. 

Statistical Analysis 

Data obtained from independent experiments per- 
formed in triplicate are expressed as mean ± SD. 
Receptor binding (RBA) as well as GC induced CAT 
activation derived from ECjo values of the concentra- 
tion response curves are related to DEX activity set 
100. Statistics were performed using Student's t test 
with p < 0.05 indicating a difference. 



Results 

hGRa and hGRp Expression in 

Kerminocylus and Fibroblasts 

RT-PCR was performed on mRNA iso- 
lated from primary keratinocytes and fibro- 
blasts using primers that hybridise on either 
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Fig. 1. hGRa and hGRp expres- 
sion in kcrutinocytcs (Ice) and fibro- 
hUsts (fb). A Quantitative RT- 
PCR of mRNA isolated from hu- 
man keratinocytes and fibroblasts. 
The representative clhtdium bro- 
mide-stained agarose gel shows the 
amplification of hGRa and hGRp 
fragments using hGRa- or hGRfk 
specific primers. Altquots of the 
PCR reaction were removed at 
twocyclc intervals. B Imnronc- 
blotting of cyrosolic fractions from 
keratinocytes and fibroblasts with 
hGRa and hGRp specific anti- 
bodies. 
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side of the alternatively spliced region of the 
hGRa or hGRP rnRNA. In both keratinocytes 
and fibroblasts a 477-bp as well as a 366-bp 
PCR product could be detected suggesting 
that hGRa and hGRP mRNA was present in 
both cell types (fig. 1A). When the reverse 
transcriptase was omitted from the RT-PCR 
reaction no PCR products were generated 
demonstrating that only cDNA produced by 
the RT step Served as template. 

The relative levels of the hGRa and hGRP 
transcripts in keratinocytes and fibroblasts 
obtained from a standard curve generated 
from samples with defined hGRa/hGRP 
cDNA ratios were calculated to 328 for kerati- 
nocytes and 710 for fibroblasts. These results 
demonstrate a large overexpression of hGRa 
mRNA in both cell types with a higher rela- 
tive extent of hGRp mRNA in keratinocytes. 
RT-PCR findings were confirmed by immu- 
noblotting with hGRa and hGRp specific an- 
tibodies (fig. IB). 



Hormone Binding Studies 

The importance of the different amount 
of the GR subtypes in keratinocytes and fi- 
broblasts for cell sensitivity to different GC 
has been evaluated, first regarding GC bind- 
ing. hGRa transfected COS-7 cells bound 
[ 3 H]dexaniethasone with a Kd of 2.45 tJA 
(fig. 2A), as expected hGRp did not bind 
dexamethasonc. Cotransfcction of hGRa and 
an even 5-fold molar excess of hGRp did not 
change the hGRa binding affinity of [ 3 H]dex- 
amcthasone (K I} = 2.5 aM\ fig. 2A). Studies 
of different topical GC with ovcrcxprcsscd 
hGRa demonstrated a high receptor binding 
affinity of BMV and RU 486 (table 1). DEX, ' 
the active PC metabolite P17EC, but also 
native PC were almost equipotent, while 
P21EC and PD bound with low affinity. Ex- 
periments on cell lysatcs were in good accor- 
dance with data derived from whole-cell as- 
says (table 1) indicating that the high binding 
affinity of PC is not due to superior cell pene- 
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Fig. 2. Influence of hGR0 oti hGRo. GC binding. 
A Specific binding of [ 3 H]dexainethasone to hGRa, 
liGRfJ or hGRu in ihc presence of a 5-fold molar excess 
of hGKp\ Transfcctcd COS-7 cells were incubated with 
['HJdexamethasune as indicated; the amount of bound 
( a H]dcxamcthasonc was determined by liquid scintil- 
lation counting. B Competition i»T various GC 10 nM 
with [ 3 H]Ucxamclhasnnc for hGRa binding in the 
presence or absence of hGRp\ COS-7 cells were irans- 
fected with either bGRo or hGRo plus a 5-fold molar 
excess of hGRJl. 



tration. hGRp had no influence on hGRa 
binding capacity and specificity in vitro as 
binding of GC was not changed by a 5-fold 
excess ofhGRR (fig. 2B). 



tivation occurred 24 h alter stimulation with 
GC. Once more BMV induced the highest 
CAT activity, P17EC and native PC turned 
out equipotenl to DEX, while PD and P2 1EC 
were less effective (table 1). As expected 
RU486 as a GC antagonist did not influence 
CAT activity but inhibited CAT activity in- 
duced by other GC completely. Equivalent 
results were obtained investigating mGR or 
hGRa (data not shown). To exclude that the 
high transcriptional activity of PC is a result 
of formation of active PI7EC, CAT assays 
were also performed after 2 h incubation, 
whereas almost equal transcriptional activity 
ofDEX and PC was detected. Moreover, with 
PC 2.5 \iM incubation for 2 h metabolites 
(P17EC, P21EC and PD) were not detected 
by HPLC analysis and even after 24 h PC was 
degraded only to a minor extent. P17EC was 
9.5% ± 0.7 and P21EC was 9.6 ± 0.5% of 
total drug. PD appeared by 3.5 ± 0.3%. To 
exclude artificially low metabolism rates due 
to enzyme saturation metabolism studies 
were repeated increasing the PC amount 10- 
fold (25 nM). The results (P 1 7EC 8.3 ± 0.1%, 
P21EC 10.9 ± 0.04%, PD 1.8 ± 0.03% of 
total GC) resembled those seen with PC at a 
concentration of 2.5 \iM. Toxic effects of PC 
and its metabolites on COS-7 cells were ex- 
cluded by MTT tests showing an unchanged 
formazan reduction. Finally, studies focused 
on the influence of hGRfi on hGRa mediated 
transactivation in our CAT reporter system. 
No significant decrease of hGRa transactiva- 
tion could be delected when hGRP was co- 
Lransfected up to a 10-fold molar excess 
(fig- 3). 



Transcriptional Activation by Different GC 
To investigate the relation between recep- 
tor binding affinity and GR-mediated trans- 
activation of gene expression, CAT reporter 
gene assays were performed. Optimal transac- 



Discussion 

It has been weU established that topical GC 
differ in their benefit/risk ratio [2, 3]. How- 
ever, the molecular reasons for these diffcr- 



Modc of Action of Topical 
Glucocorticoids 



Skin Ptumuwl Appl Skin fhyiiol 
:003;10:MJ-13I) 



147 



PAGE 6/9 * RCVD AT 5115/2007 1 1 :42:46 AM [Pacific Standard Time] * SVR:SVCS01/1 « DNIS:6034 * CS1D:613 993 5444 1 DURATION (mm-ss):04-04 



05/15/2007 TUE 14! 51 PAX 613 993 5444 CISTI HELP DESK 



0007/009 



Table 1 . Rcccplar binding (RBA) '■ >;"| ', • ■ y,-i„nnp'i : . ~ ~ rTFii n I 

and relative transactivation ■ ' 'Whdle-cdl Cytosolie 1 ' "'Trans-' 

activities *, ■ ■ 1 1 binding assay binding assay activation 

J,n.i , •'i.!|d|tri' , 



Dcxamethasone 


100 


100 


■ ■■' '■' 

100 


PredniCarbale 


74 


82 


76 


P17EC 


110 


144 


103 


P21EC 


15 


8 


15 


Prednisolone 


9 


29 


20 


BMV 


1,370 


774 


776 


RU486 


4,670 







RBA values were derived from EC 50 values of the cumpetiliun curves 
to replace 50% of bound pHUlexamctuasonc, relative transactivation 
from EC50 values of the concentration response curves. EC50 values arc 
related to DEX activity set 100. 



ences are still unknown. Therefore it was of 
interest to compare receptor binding and 
transactivation properties of PC and its me- 
tabolites to those of standard GC as DEX and 
BMV. 

Transfection of GR-dcficicnt COS-7 cells 
with plasmids coding for human GR and 
cotransfection with a GC responsive CAT 
reporter gene (pMMTV-CAT) allowed to 
study receptor binding as well as transactiva- 
tion processes [19]. Since PC is rapidly metab- 
olized in keratinocytes [7] biodegradation of 
the double ester in COS-7 cells was assessed 
by HPLC/UV absorption to exclude that 
transactivation activity results from active PC 
metabolites. COS-7 cells induced only low PC 
metabolism indicating that COS-7 cells repre- 
sent an ideal system for studying GC ester 
effects. 

Here we show the high substance-specific 
receptor binding and transactivation potency 
of native PC. Whole-cell and cytosolic bind- 
ing assays revealed that in contrast to many 
other GC esters [2 1 ] the 2 1-ester group of PC 
docs not impair GC activity (table 1). Contro- 
versially in synovial tissue PC has been identi- 
fied to bind with low affinity to the GR [22]. 




flGRa/nGRjJ malar ratio 



Fig. 3. Influence of hGR(J on I1OR0 transcriptional 
activity regarding different molar ratios. COS-7 cells 
were colransfcctcd with hGRft and hGRJ) as indicated. 
Salmon sperm DNA was added Id keep the total 
amount of DNA constant. Data arc expressed as fold 
induction over the noniaduced control. 



Clinical studies in atopic dermatitis and 
healthy volunteers confirmed an cquipolent 
efficiency of PC compared to BMV. In recep- 
tor binding and transactivation experiments, 
however, BMV was clearly more potent than 
PC. This discrepancy may result from an im- 
proved skin penetration of PC, which plays an 
essential role in GC efficacy. 
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In humans two GR subtypes have been 
discovered, termed hGRa and hGRp [10]. As 
elevated levels of hGRp occur in cells of 
patients with sieroid resistant inflammatory 
diseases [15-18] it has been suggested that 
expression of GR subtypes regulate cell re- 
sponsiveness lo GC treatment. Our data show 
that the epithelial derived keratinocytes form 
hGRp mRNA to a higher relative extent than 
fibroblasts from endothelial origin. Further- 
more, we demonstrate a large overexprcssion 
of hGRa mRNA as compared to hGRp 
mRNA in keratiuocytes (328-fold) and fibro- 
blasts (710-fold; fig. 1A). These results were 
confirmed by immunoblotting indicating a 
strong overexprcssion of hGRo protein in 
both cell types and a higher relative level of 
hGRp in keratinocytes compared to fibro- 
blasts (fig. IB). Bamberger et aL (1 1] have sug- 
gested that hGRp could act as dominant nega- 
tive inhibitor of GC action on GC-responsive 
promotors, an effect that was not seen by oth- 
ers [14]. In COS-7 cells cotransfcciion experi- 
ments exclude relevant influences of hGRP; 
hGRa binding affinity for different GC has 
not changed even in the presence of a 5-fold 
molar excess of hGRp (fig. 2) and also CAT 
activity is not influenced by hGRP cotransfec- 
tion at an cquimolar ratio (fig. 3). Therefore 
the function of hGRp remains unidentified. 

GC act via the GR by binding to glucocor- 
ticoid response elements in target gene pro- 
motors leading to increased transcription of 
genes coding for anti-inflammatory proteins 
like interleukin-1 receptor antagonist, inter- 
lcukin-10 and IkB. Besides this, protein-pro- 
tein interactions with AP-1 and NFkB fre- 
quently result in transrepression processes 
[for review see 23]. Recently, it has been 
reported that budesonide is favorable for the 
treatment of bronchial asthma as unwanted 
effects arc less distinct [24]. At the molecular 
level budesonide revealed a high transrepres- 
sion but low transactivation activity suggest- 



ing that the anti-inflammatory properties are 
controlled by the transrepression of transcrip- 
tion factors whereas unwanted effects are due 
to transactivation. Furthermore a novel class 
of selective ligands of GR has been identified 
which arc potent inducers of transrepression 
but not of transactivation [25, 26]. These dis- 
sociated GC decreased hvtcrlcukin synthesis 
as well as NFkB and AP-1 activity in vitro 
[27]. Studies in rats, however, did not indicate 
a reduction of side effects as thymus involu- 
tion, loss of body weight and bone turnover 
occurred as well using these ligands. Belvisi et 
al. sug£ested that these unwanted effects are 
not a consequence of transactivation but may 
be due to transrepression [28], With topical 
GC frequently used for inflammatory skin 
diseases, however, GC receptor binding and 
transactivation correlate with anti-inflamma- 
tory activity. 

In conclusion, data presented here show 
that the strong effect of the double ester PC on 
transactivation is a result of its high binding 
affinity. Additional investigations of transre- 
pression potencies will further improve the 
insight into the molecular reasons for the 
strong anti-inflammatory but low antiprolif- 
erative potential of PC. 
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Cholangiocytes express water channels (f.e aquapor- . 
ins (AQPs)), proteins that are increasingly recognized as 
important in water transport by biliary epithelia. How- 
ever, direct functional studies demonstrating AQP-me- 
diated water transport in cholangiocytes are limited, in 
part because of the lack of specific AQP inhibitors. To 
address this issue, we designed, synthesized, and uti- 
lized small interfering RNAs (siRNAs) selective for 
AQP1 and investigated their effectiveness in altering 
AQP 1 -mediated water transport in intrahepatic bile 
duct units (IBDUs) isolated from rat liver. Twenty-four 
hours after transfection of IBDUs with siRNAs targeting 
two different regions of the AQP1 transcript, both AQP1 
mRNA and protein expression were inhibited by 76.6- 
92.0 and 57.9-79.4%, respectively. siRNAs containing the 
same percent of base pairs as the AQP1 -siRNAs but in 
random sequence (i.e. scrambled siRNAs) had no effect. 
Suppression of AQP1 expression in cholangiocytes re- 
sulted in a decrease in water transport by IBDUs in 
response to both an inward osmotic gradient (200 mositf) 
or a secretory agonist (forskolin), the osmotic water per- 
meability coefficient {Pj) decreasing up to 58.8% and net 
water secretion (J v ) decreasing up to 87%. A strong cor- 
relation between AQP1 protein expression and water 
transport in IBDUs transfected with AQPl-siRNAs was 
consistent with the decrease in water transport by D3- 
DUs resulting from AQP1 gene silencing by AQPl-siR- 
NAs. This study is the first to demonstrate the feasibility 
of utilizing siRNAs to specifically reduce the expression 
of AQPs in epithelial cells and provides direct evidence 
of the contribution of AQP1 to water transport by biliary 
epithelia. 



Intrahepatic bile duct epithelial cells (i.e. cholangiocytes) 
play an essential role in bile formation,, and by integrated 
absorptive and secretory processes, they contribute up to 40% 
of daily bile production in humans (1, 2). Because bile is a 
complex fluid composed of >98% water, cholangiocytes like 
other water-transporting epithelial cells are required to rapidly 
transport large amounts of water in response to osmotic gradi- 
ents generated by transported ions and solutes, a situation in 
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which specific water channel proteins (i.e. aquaporins (AQPs)) 1 
are probably involved (3-6). Indeed, our initial observation (7) 
that isolated rat cholangiocytes are capable of rapid mercury- 
sensitive, temperature-independent transmembrane water 
transport in response to osmotic gradients was consistent with 
transport via water channels rather than by diffusion through 
the lipid bilayer. Our more recent molecular studies have dem- 
onstrated that rat cholangiocytes express six AQPs (i.e. AQP 0, 
1, 4, 5, 8, and 9) from the known 11 AQPs in mammals (5, 
7-11). Moreover, at least two of them (i.e. AQP1 and AQP4) 
contribute to the water permeability of both the apical and 
basolateral cholangiocyte membrane domains, AQP1 facilitat- 
ing mainly the apical transport of water and AQP4 modulating 
its basolateral movement (7-9, 11). Nevertheless, direct stud- 
ies of the contribution of AQPs to water transport in intrahe- 
patic bile ducts and other tissues have been severely hampered 
by the lack of specific AQPs inhibitors. 

Recently, several groups have described post-transcriptional 
gene silencing or RNA interference in a wide variety of organ- 
isms using double-stranded RNAs of ~200-1000 nucleotides in 
length that specifically suppress the expression of a target 
mRNA (reviewed in Refs. 12-18). According to the prevailing 
model, double-stranded RNA is processed into small interfering 
double-stranded RNAs (siRNAs) of 19-25 nucleotides in 
length, which act as guides for the RNA-induced silencing 
enzymatic complex required for the cleavage of the target 
mRNAs (15-18). Although the physiological significance of 
post-transcriptional gene silencing and RNA interference is 
still under study, powerful new technology for selective inhibi- 
tion of specific gene expression employing siRNAs is rapidly 
evolving (19-26). 

In this study, we present data demonstrating that AQP1 
gene expression in cholangiocytes is specifically suppressed by 
AQPl-siRNAs, resulting in a significant decrease of water 
transport by this cell type. These data show the feasibility of 
utilizing siRNAs to specifically reduce the expression of AQPs 
in epithelial cells and provide direct evidence of the contribu- 
tion of AQP1 to water transport in biliary epithelia. 

EXPERIMENTAL PROCEDURES 

Materials — All of the chemicals were of highest purity commercially 
available and were purchased from Sigma unless otherwise indicated. 

Animals — Male Fisher 344 rats (225-250 g) were obtained from 
Harlan Sprague-Dawley (Indianapolis, IN), housed in temperature- 
controlled room (22 °C) with 12-h light-dark cycles, and maintained on 
a standard diet with free access to water. All of the experimental 
procedures were approved by the Animal Use and Care Committee of 
the Mayo Foundation. 



"The abbreviations used are: AQP, aquaporin; siRNA, small inter- 
fering RNA PBS, phosphate-buffered saline; Pp osmotic water perme- 
ability coefficient; J„, net water secretion; IBDU, intrahepatic bile duct 
unit; ODN, oligonucleotide. 
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AQPl-iiKNA(a) 



AQPl-tiRNA(b) 



Scrambled 
AQPI-siRNA(a) 

Scrambled 
AQPl-«lRNA(b) 



5'- AUC AAG AAG AAG CUC UUC UUU 
UU IMG UUC UUC UUC GAG AAG A - 5' 



5' - CUU CUC AAA CCA CUG GAU UUU 
UU GAA GAG UUU GGU GAC CUA A - 5' 



5" - UGU UCA GCG AAA UAU AAC CUU 
UU ACA AGU CGC UUU AUA UUG G- 5' 



5' - ACU UGC CAU ACA UGA CUC UUU 
UU UGA ACG QUA UGU ACU GAG A - 5' 




1 

I 



<5 



B 



1 gagctcttgg 
61 »tggccagcg 
121 atgaccctct 
1S1 agaaaccaga 
241 getactctgg 
301 ctggggcttc 
361 cagtgtgtgg 
421 gagaactcac 
481 attgagatca 
541 cgccgagact 
601 ctgctggcca 
661 gtgctcaccc 
721 gccctggcag 
781 cgcotgaogg 
641 aactccaggg 



agggagttga gcaccaggca 
a aatcaagaa gaagctcttc 



tcgtcttcat 
cgctggtcca 
cccaaagtgt 
tgctcagctg 
gagccatcgc 
ttggccgaaa 
ttggcaccct 
taggtggctc 
ttgactacac 
gcaacttctc 



tgctgatcta 
tgtggaccag 
tggagatgaa 



cagcatcggt 
ggacaatgtg 
gggtcacacc 
tcagatcagc 
tgcctccgcc 
tgacctggct 
gcagctggtg 
agccccactt 
tggctgtggg 
aaaccactqq 



tgacttcatc 
tggccaagtg 
gcccaaatag 



tccagcggtt 
tggagggctg 
tctgccctag 
aaggtgtcac 
agtggtgctc 
atcctccggg 
atcctctccg 
cgaggtgtga 
ctgtgcgttc 
gccattggct 
atcaaccctg 
actttctggg 
ctggccccac 
gaggagtatg 
aggaggcttg 



atgtcaaggc 
tggtggctga 
gcttcaatta 
tggcctttgg 
acctcaaccc 
ctgtcatgta 
gcatcacctc 
actccggcca 
tggctaccac 
tgtctgtggc 
cccggtcatt 
tgggaccatt 
gcagcagcga 
acctggatgc 
gcctgggcat 



ccctgccaac 
gttcctggcc 
cccaccggag 
tctgagcatc 
agcggtcaca 
tatcatcgcc 
ctccctgccc 
gggcctgggc 
tgaccggagg 
tcttggacac 
tggctctgct 
cattgggagt 
ctttacagac 
tgatgatatc 
ccgtatgggg 



Fig. 1. Sequences and expected duplexes for siRNAs (A) and 
sites of targeting (B) within AQP1 mRNA. A, the sense (top) and 
antisense (bottom) strands of siRNAs targeting AQP1 message and the 
scrambled AQPl-siRNAs are shown. B, the partial mRNA sequence of 
rat AQP1 (GenBank™ accession number NM_012778). Two potential 
sites of targeting by siRNAs are underlined. The start codon is in a 
boldface. 

Solutions— The composition of isotonic (290 mosM) Ringer-HC0 3 
buffer was (in mM): 120.0 NaCl, 5.9 KC1, 1.2 Na 2 HP0 4 1.0 MgS0 4 25.0 
NaHC0 3 , 1.25 CaCl 2 , and 5.0 C 6 H 12 0 6 , pH 7.4. Hypotonic (90 mosM) 
solution was prepared by decreasing the concentration of NaCl. The 
precise osmolality of Ringer-HC0 3 buffer solutions was determined 
with a freezing point osmometer (The Advanced Micro- Osmometer, 
Model 3300, Advanced Instruments, Inc., Norwood, MA). For water 
transport experiments with forskolin, the perfusate contained 140 mM 
NaCl and 5 mM Na2HP0 4 , pH 7.2. The composition of lysis buffer was 
50 mM Tris-HCl, pH 7.5, 150 mw NaCl, 0.1% sodium Nonidet P-40, 0.1% 
sodium deoxycholate, and 0.1% sodium dodecyl sulfate. The composi- 
tion of phosphate-buffered saline (PBS) was (in mM): 137 NaCl, 2.7 KC1, 
10 NaHP0 4 , and 1.8 KH^P0 4 . 

AQPl-siRNAs Design, Synthesis, and Labeling — Sequence informa- 
tion regarding mature rat AQP1 mRNA was extracted from the NCBI 
Entrez nucleotide data base. Two target sites within AQP1 gene were 
chosen from the rat AQP1 mRNA sequence (GenBank™ accession 
NM_012778). Following selection, each target site was searched with 
NCBI BlastN to confirm specificity only to AQP1. Two different siRNAs 
designated AQPl-siRNA(a) and AQPl-siRNA(b), which target nucleo- 
tides 71-91 and 673-693 of the rat AQP1 mRNA sequence, respec- 
tively, and two nonspecific siRNA duplexes containing the same nucle- 
otides but in irregular sequence (i.e. scrambled AQPl-siRNA(a) and 
AQPl-siRNA(b)) were prepared by a transcription-based method using 
the Silencer siRNA construction kit (Ambion, Austin, TX) according to 
manufacturer's instructions. The 29-mer sense and antisense DNA 
oligonucleotide templates (21 nucleotides specific to AQP1 and 8 nucle- 
otides specific to T7 promoter primer sequence 5'-CCTGTCTC-3') were 
synthesized by the Mayo Molecular Core facility. One of the constructed 
siRNAs, AQPl-siRNA(b), was labeled with Cy3 following manufactur- 
er's instructions (Ambion). The efficacy of AQPl-siRNA labeling with 
Cy3 was estimated by acrylamide gel analysis of the Silencer siRNA- 
labeling positive control experiment (Ambion) and found to be ~20%. 

IBDUs Isolation and Transfection with siRNAs — IBDUs, which are 
portions of intrahepatic bile ducts ranging in luminal diameter from 
100 to 125 fim and in length from 0.6 to 1.2 mm, were isolated from 
normal rat liver as we described previously (27). IBDUs were cultured 
from 0 to 24 h in normal rat cholangiocyte medium containing 10 nM 
AQPl-siRNAs or corresponding scrambled AQPl-siRNAs. Exogenous 
delivery of siRNAs to cholangiocytes was carried out with or without a 
lipid carrier (i.e. TransMesenger™ transfection reagent (Qiagen, Va- 
lencia, CA)). 

Fluorescence Analysis of the siRNAs Uptake by IBDUs — IBDUs were 
incubated in normal rat cholangiocyte medium with 0, 0.5, 1, 5, 10, and 
20 nM Cy3-AQPl-siRNA(b) with or without a lipid carrier for 24 h at 
37 °C. AQPl-siRNA(b)-Cy3 then was visualized in IBDUs by fluores- 




B 

Cy3 fluorescence/ 4 
100 ug protein 




0 0.1 0.5 1 10 20 
Cy3-AQP1-slRNA(b), nM 

Fig. 2. Uptake of AQPl-siRNAs by IBDUs. A, visualizing of AQPl- 
siRNA in IBDUs. IBDUs were incubated 24 h in normal rat cholangio- 
cyte medium containing naked Cy3-labeled AQPl-siRNA(b) from 0 to 
20 nM. IBDUs analyzed by fluorescent microscopy showed a significant 
increase in Cy3-AQPl-siRNA(b) fluorescence (red). B, IBDUs take up 
AQPl-siRNAs in a dose-dependent manner. 24 h after incubation with 
Cy3 labeled AQPl-siRNA(b) in the absence (white bars) or presence 
(black bars) of the lipid carrier, the fluorescence intensity of IBDUs was 
measured and normalized to 100 /ig of protein. The uptake of Cy3- 
AQPl-siRNA(b) increased with increasing concentrations of siRNA(b) 
independent of the presence of the lipid carrier. Values are the mean ± 
S.E. of three separate experiments with 4-6 IBDUs in each group. 

cent microscopy, and Cy3 fluorescence was measured by a method 
proposed for analysis of fluorescent antisense oligonucleotides (28). 
After the incubation, IBDUs were washed three times with PBS and 
then lysed in 200 /d of a lysis buffer. Total cellular Cy3-AQPl-siRNA(b) 
fluorescent emission (K^ = 552; A m = 568 nm) was measured with a 
PerkinElmer LS 55 luminescence spectrophotometer. An aliquot of the 
cell lysate was taken to measure the amount of total protein using the 
fluorescence assay, and the Cy3 fluorescence was normalized to 100 \i% 
of total protein. For visualization of AQP1 suppression in IBDUs by 
AQPl-siRNA, IBDUs were incubated with 10 nM Cy3-AQPl-siRNA(b) 
for 0, 12, and 24 h at 37 °C on poly-L-lysine-treated chamber slides. 
Following the incubation, the IBDUs were fixed with cold 100% meth- 
anol for 5 min and air-dried. The slides were then washed three times 
with lx PBS and permeabilized in 0.2% Triton-PBS for 2 min at room 
temperature. IBDUs were blocked for 20 min in blocking buffer (10% 
normal sheep serum, 0.05% Tween 20 in PBS) at room temperature and 
incubated with affinity-purified AQP1 antibody (Alpha Diagnostics, 
San Antonio, TX) at a 1:50 dilution in blocking buffer overnight at 4 °C. 
Following the primary antibody incubation, the IBDUs were washed 
with lx PBS three times and incubated at a 1:100 anti-goat IgG 
fluorescein isothiocyanate conjugate (Sigma) secondary antibody for 1 h 
at room temperature. AQPl-siRNA(b)-Cy3 and AQP1 fluorescence in 
IBDUs was then determined by using scanning laser confocal micros- 
copy keeping the pinhole and detector gain setting identical while 
analyzing the different IBDUs and quantified using LSM 510 Image 
Examiner software (Carl Zeiss, Thornwood, NY). 

RNA Isolation and Analysis by Real-time Reverse Transcriptase- 
PCR — IBDUs were lysed in 1 ml of Tri-Reagent with 5 /J of Glyco-Blue 
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Fig. 3. Suppression of AQP1 gene in IBDUs by AQPl-siRNAs. 

IBDUs were transfected with 10 nM AQPl-siRNA(a), AQPl-siRNA(b), 
and corresponding scrambled AQPl-siRNAs for 24 h. A, a significant 
suppression of AQP1 mRNA level occurred in IBDUs transfected with 
AQPl-siRNA(a) and AQPl-siRNA(b) but not with scrambled (scr) 
AQPl-siRNAs. Representative immunoblots CB) and quantitative anal- 
ysis (C) show a significant suppression of AQP1 protein levels by both 



(Ambion) added as a co-precipitant and stored at room temperature for 
5 min. After the addition of 0.1 ml of l-bromo-3-chloro-propane, the 
samples were vigorously shaken, incubated for 15 min at room temper- 
ature, and centrifuged at 12,000 x g for 15 min at 4 °C. The aqueous 
phase was transferred to a new tube, and 0.5 ml of isopropyl alcohol was 
added. The samples were mixed, stored for 10 min, and centrifuged at 
12,000 x g for 15 min at 4 °C. After removing the supernatant, the RNA 
pellet was washed with 75% EtOH and repelleted by centrifugation at 
12,000 x g for 15 min at 4 °C. RNA was resuspended in RNA Secure 
solution (Ambion), and the concentration and purity were determined 
by spectroscopy. Quantitation of AQP1 message was accomplished by 
real-time PCR. A standard curve to AQP1 was generated by amplifying 
AQP1 from freshly isolated rat cholangiocyte cDNA using rat AQP1- 
specific primers (sense, 5 ' -AGTTGAGCACCAGGCATCC-3 ' , and anti- 
sense, 5 ' -CACTGATGTGACCC ACACTTTG-3 '). The 259-bp amplicon 
was electrophoresed on a 1.5% agarose gel, visualized with ethidium 
bromide, and gel-extracted. The amplicon was subsequently diluted and 
used as template for the PCR reaction. One-step reverse transcriptase- 
PCR for AQP1 and 18 S ribosome (Ambion) was performed using the 
LightCycler RNA Master SYBR Green I kit according to manufacturer's 
instructions. 

Protein Analysis by Western Blotting — Total lysates were obtained by 
lysing the IBDUs with M-PER™ mammalian protein extraction rea- 
gent (Pierce). The lysates were heated to 60 °C for 10 min in sample 
buffer containing 0.8 M dithiothreitol and 10% SDS for protein dena- 
turation and solubilization. The samples were then subjected to elec- 
trophoresis through a 12% SDS-polyacrylamide gel and transferred 
overnight to a nitrocellulose membrane. The blots were blocked with 5% 
(w/v) nonfat dry milk and 0.2% (v/v) Tween 20. After blocking, the blots 
were incubated with affinity-purified rabbit anti-rat antibodies, to 
AQP1 (Alpha Diagnostics) at a dilution of 1:1000 overnight at 4 °C. The 
blots were washed and incubated for 1 h with a horseradish peroxidase- 
conjugated goat anti-rabbit immunoglobulin (1:2000 dilution) at room 
temperature. Protein bands were detected using an enhanced chemilu- 
minescence detection system (ECL Plus, Amersham Biosciences). After 
exposing the nitrocellulose membranes to Kodak X-Omat AR film, the 
autoradiographs were scanned and quantified by densitometry using 
Molecular Analyst software (Bio-Rad). 

Measurement of Water Movement across Intrahepatic Biliary Epithe- 
lia — IBDUs were perfused with 1 mM of the impermeable volume 
marker, fluorescein sulfonate (fluorescein-5(6)-sulfonic acid trisodium 
salt (Molecular Probes, Eugene, OR)) at a rate of 20-80 nl/min as 
described previously in detail (3). Net water movement (</„) and osmotic 
water permeability coefficient (Pj) in response to established osmotic 
gradient (200 mosM) or stimulated by forskolin were measured as de- 
scribed previously (3). 

Statistical Analysis — All of the values are expressed as the mean ± 
S.E. Statistical analysis was performed by the Student's t test, and 
results were considered statistically different at p < 0.05. 

RESULTS 

Design of AQPl-siRNAs — We selected two target regions of 
rat AQP1 mRNA (i.e. 71-91 and 673-693 sequences) by scan- 
ning the length of the AQP1 gene for AA-dinucleotide se- 
quences and downstream 19 nucleotides without significant 
homology to other genes by using an appropriate genome data 
base. The antisense strands of synthesized AQPl-siRNAs are 
the reverse complement of the target sequences (Fig. 1). The 
sense strands of the AQPl-siRNAs have the same sequences as 
the target mRNA sequences with the exception that they lack 
the 5'-AA sequence (Fig. 1). A uridine dimer was incorporated 
at the 3' end of the sense strands siRNAs (Fig. 1). Thus, the end 
products are two double-stranded 21-mer siRNAs (i.e. AQP1- 
siRNA(a) and AQPl-siRNA(b)) that theoretically should reduce 
the expression of AQP1 mRNA and protein and two siRNAs 
(i.e. scrambled AQPl-siRNA(a) and AQPl-siRNA(b)) that the- 
oretically should not be effective in AQP1 gene silencing. 

Uptake of AQPl-siRNA by IBDUs — IBDUs incubated for 
24 h in normal rat cholangiocyte culture medium containing 



AQPl-siRNAs but not scrambled siRNAs. D, a correlation between 
AQP1 mRNA and protein expression levels was seen (y = -298.34 + 
32.079 x x; r = 0.8821). Values are the mean ± S.E. of three independ- 
ent experiments with 4-6 IBDUs in each group (*, p < 0.05). 
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Fig. 4. Visualizing of AQP1 suppression in LBDUs by AQPl-siRNA. A, AQPl-siRNA(b) was labeled with Cy3 and transfected into 
cholangiocytes of IBDUs. At the times indicated, IBDUs were analyzed using confocal fluorescent microscopy for fluorescence intensity of 
Cy3-labeled AQPl-siRNA(b) (red) and AQP1 (green). Top left patterns show higher magnification of region in inset. B, in IBDUs treated with 
AQPl-siRNA 

an increase in Cy3 immunofluorescence (white bars) and decrease in AQP1 immunofluorescence (black bars) occurred during 12—24 
h, reflecting accumulation of AQPl-siRNA in cholangiocytes and rapid and effective suppression of AQP1 expression in these cells, respectively. 
Values are the mean ± S.E. of three separate experiments with 3-4 IBDUs in each group. (*, p < 0.05 for AQP1 fluorescence compared with point 
0 min). 



various amounts (i.e. 0-20 riM) of Cy3-labeled AQPl-siRNA(b) 
in the absence or presence of the lipid carrier took up AQPl- 
siRNA in a dose-dependent manner (Fig. 2). However, no lipid 
carrier-dependent uptake of siRNA by IBDUs was observed. 
Given that only 20% AQPl-siRNA(b) transfected into cholan- 
giocytes was labeled with Cy3 (see "Materials and Methods" for 
details), we conclude that the amount of AQPl-siRNA taken up 
by cholangiocytes was 5 times greater, suggesting that IBDUs 
could be effectively transfected with siRNAs in the absence of 
the lipid carrier. Based on this observation and given that a 
transfection reagent could potentially affect cholangiocytes 
function, studies of AQP1 gene suppression in IBDUs were 
performed by using naked AQPl-siRNAs. 

AQP1 Gene Suppression in IBDUs by siRNAs— The levels of 
AQP1 mRNA and protein in IBDUs transfected with 10 nM 
each of four different naked siRNAs (i.e. two siRNAs to differ- 
ent regions of the AQP1 and two corresponding scrambled 
AQPl-siRNAs) are shown in Fig. 3. Both siRNAs to different 
sequences within the AQP1 gene effectively inhibited AQP1 
mRNA (Fig. 3A) and protein expression (Fig. 3B). AQP1 mRNA 
and protein levels were inhibited by AQPl-siRNA(a) by 76.6 
and 57.9%, respectively. AQPl-siRNA(b) was more effective, 
suppressing AQP1 mRNA and protein levels by 92.0 and 79.4%, 
respectively. In contrast, two scrambled AQPl-siRNAs had no 
effect on AQP1 gene expression. Moreover, AQPl-siRNAs had 
no effect on mRNA expression for AQP4 (data not shown), an 
AQP, which is also expressed in rat cholangiocytes (11), pro- 
viding evidence that both AQPl-siRNA(a) and AQPl-siRNA(b) 



were specific for AQP1. Because there is a strong correlation 
between AQP1 mRNA and protein suppression by siRNAs (Fig. 
3C), these data suggest that AQP1 silencing in cholangiocytes 
results from a reduction in the amount of AQP1 mRNA avail- 
able for translation. These data also suggest that AQPl-siR- 
NAs were highly specific and efficient in AQP1 gene silencing 
in rat IBDUs. 

Visualizing of AQP 1 Gene Suppression in IBDUs by AQPl- 
siRNA— IBDUs incubated with 10 nM Cy3-labeled AQP1- 
siRNA(b) for 12-24 h were analyzed for AQP1 expression using 
immunofluorescence as described under "Materials and Meth- 
ods." The data in Fig. 4 show that fluorescence intensity of 
AQP1 (green) decreased in transfected IBDUs as the fluores- 
cence intensity of AQPl-siRNA(b) (red) increased. 12 and 24 h 
after IBDUs transfection with AQPl-siRNA, AQP1 immunoflu- 
orescence in cholangiocytes was reduced by 63 and 72%, respec- 
tively, suggesting that AQP1 could be silenced in cholangio- 
cytes as quickly as 12 h post-transfection. 

Inhibition of AQP 1 -mediated Water Transport by siRNAs — 
Water transport characteristics (i.e. P f and J v ) in AQPl-siR- 
NAs-nontransfected IBDUs and in IBDUs transfected with 10 
nM AQPl-siRNAs were determined from the volume of water 
transported into the lumen of IBDUs either in response to a 
200 mOsM transepithelial osmotic gradient (lumen osmolal- 
ity > bath osmolality) (Fig. 5) or in response to 100 fjM forskolin 
(Fig. 6), an agent known to stimulate biliary bicarbonate and 
water secretion (2-4). The P f in AQPl-siRNA-nontransfected 
IBDUs and IBDUs transfected with scrambled AQPl-siRNAs 
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Pig. 5. Water transport in response to transepithelial osmotic 
gradient in IBDUs transfected with AQPl-siRNAs. A, osmotic 
water permeability coefficients (P r ) reflect rapid water transport across 
biliary epithelia in response to an inward osmotic gradient (200 mosM) 
in nontransfected IBDUs and in IBDUs transfected with scrambled 
(scr) AQPl-siRNAs. P f values decreased by 29.4 and 58.8% in IBDUs 
transfected with AQPl-siRNA(a) and AQPl-siRNA(b), respectively. B, 
net water movement (J„) values in IBDUs transfected with AQPl- 
siRNAs reflect a decrease of water secretion by 42.8% in IBDUs trans- ' 
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Fig. 6. Water transport in response to forskolin in IBDUs 
transfected with AQPl-siRNA. A, osmotic water permeability coef- 
ficient (Pf) in AQPl-siRNA-nontransfected IBDUs (white bar) and in 
IBDUs transfected with scrambled (scr) AQPl-siRNA(b) (gray bar) 
stimulated with forskolin (100 /unol) showed rapid water transport 
across biliary epithelia. In IBDUs transfected with AQPl-siRNA(b) 
(black bar) for 24 h, osmotic water permeability in response to forskolin 
decreased by 53.1%. B, net water secretion (J„) in IBDUs transfected 
with AQPl-siRNA(b) (black bar) in response to forskolin decreased by 
87% compared with nontransfected IBDUs (white bar) and IBDUs 
transfected with scrambled AQPl-siRNA(b) (gray bar). Values are the 
mean ± S.E. of three microperfused IBDUs in each group (*,p < 0.05). 



ranged from 50 X 10" 3 to 72 X 10~ 3 cm/sec (Figs. 5 and 6). 
When a transepithelial osmotic gradient was established in 
IBDUs transfected with AQPl-siRNA(a) and AQPl-siENA(b), 
Pf was decreased by 29.4 and 58.8%, respectively (Fig. 5A). In 
IBDUs transfected with AQPl-siRNA(b), P r v/as also decreased 
by 53.1% in response to forskolin (Fig. 6A). In IBDUs trans- 
fected with AQPl-siRNA(b), J v across biliary epithelia in re- 
sponse to an osmotic gradient or forskolin was decreased by 
42.8 and 87.6%, respectively (Figs. 5B and 6B). A strong cor- 
relation between AQPlprotein expression and water transport 
in IBDUs transfected with AQPl-siRNAs was shown (Fig. 5C), 
suggesting that a decrease of cholangiocyte osmotic water per- 
meability is a result of specific AQP1 gene silencing by 
AQPl-siRNAs. 



fected with AQPl-siRNA(b) compared with nontransfected IBDUs. C, a 
correlation between AQP1 protein expression and P f was seen (y = 
0.014192 + 0.00039212 x x; r = 0.9254). Values are the mean * S.E. of 
4-6 microperfused IBDUs in each group (*, p < 0.05). 
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DISCUSSION 

The major objectives of this study were to develop and utilize 
siRNAs to directly investigate the importance of AQP1 in water 
transport by biliary epithelia. Although several lines of evi- 
dence indicate that AQPs are involved in water transport by 
cholangiocytes (4-11), the absence of specific AQP inhibitors 
has impaired direct testing of hypotheses related to this issue.,, 
Indeed, until this study, no specific pharmacological inhibitors 
of AQPs had been reported. 

Our results show that AQP 1 -siRNAs effectively (i.e. by 57.9- 
79.4%), specifically (i.e. AQPl-siRNAs but not scrambled 
AQPl-siRNAs), and rapidly (i.e. during 12 h after transfection 
of IBDUs) down-regulate endogenously expressed AQP1 but 
not AQP4 in cholangiocytes. Moreover, direct quantitation of 
water transport in IBDUs transfected with siRNAs to AQP1 
demonstrates that P f and J v are significantly decreased com- 
pared with IBDUs transfected with scrambled siRNAs. The 
observed decrease of net water secretion in IBDUs transfected 
with AQPl-siRNA(b) under different experimental conditions 
(i.e. an inward osmotic gradient or a secretory agonist) suggests 
that as much as 65% of water transported across biliary epi- 
thelia may be AQPl-mediated. Taken together, these findings 
demonstrate for the first time that inhibition of AQP1 expres- 
sion in mammalian cells by siRNAs results in inhibition of 
water transport. 

We found that cholangiocytes effectively take up siRNA du- 
plexes if IBDUs are incubated with AQPl-siRNAs either in the 
absence or presence of transfection reagent. This observation is 
in contrast to published data (29) that siRNAs are taken up by 
cultured HeLa, COS-1, and 293 cells only in the presence of 
transfection agent. However, our data are consistent with re- 
cently published results that hepatocytes in vivo can be effec- 
tively transfected with naked siRNAs (30, 31). Although a 
precise explanation for these differences is not apparent, they 
emphasize the importance of assessing both forms of siRNAs 
when employing this gene-silencing approach. 

In our study, we utilized two different siRNAs constructed 
against different regions of AQP1 mRNA. Whereas both con- 
structs inhibited AQP1 expression and function in cholangio- 
cytes, siRNA-designated AQPl-siRNA(b) was more effective. 
We have no explanation as to why these two siRNAs differed in 
their inhibitory activity, but this phenomenon has been ob- 
served for other genes. For example, several siRNAs synthe- 
sized against different sites on the same target mRNA demon- 
strated striking differences in silencing efficiency (29). 

To our knowledge, this study is the first to successfully 
utilize siRNA gene-silencing technology to achieve AQP gene 
suppression in epithelial cells. AQP gene silencing has previ- 
ously been achieved primarily by developing transgenic null 
mice lacking AQPs and by using dominant negative mutants or 
antisense oligonucleotides (ODNs). The phenotype analysis of 
transgenic mice deficient in AQP1, AQP3, AQP4, and AQP5 
has provided new insights into their critical role in water 
transport in the kidney, brain, eye, ear, salivary glands, skin, 
and gastrointestinal organs (32-40). However, given that 
cholangiocytes express numerous AQPs, deletion of a single 
AQP might not significantly affect biliary water transport in 
vivo because other cholangiocyte AQPs could undergo compen- 
satory up-regulation. Dominant negative mutants, which exert 
their effects in the presence of the wild-type gene product, have 
also been employed in water-transporting studies, demonstrat- 
ing dominant negative effects of AQP2 and AQP4 mutants on 
AQP-mediated water transport in Xenopus oocytes (41-43), 
LLC-PKj cells (44), and mouse cholangiocytes (45). This exper- 
imental approach also has its limitations being applicable prin- 
cipally to studies utilizing cultured cell systems. Antisense 



ODNs have been used to a limited degree to suppress AQP 
function. For example, the P f of Xenopus laevis oocytes injected 
with poly(A) + RNA from cultured bovine corneal epithelial cells 
was inhibited by coinjection with AQP5 ODNs (46). Also, the 
expression of AQP1 in human trabecular meshwork cells was 
suppressed by corresponding ODNs (47). Although useful, the 
specificity of this approach is somewhat limited because non- 
specific hybridization of ODNs with intracellular protein 
rather than mRNAs has been reported previously (48). More- 
over, the efficiency of gene silencing by ODNs is relatively low 
(e.g. only one of eight antisense oligonucleotides is expected to 
provide a specific suppression of a targeted gene) (49). Our own 
experience has been that AQP1 ODNs are not effective in 
inhibiting AQP 1 expression and function in isolated rat IBDUs 
(data not shown). 

The advantages of siRNA technology for effective and specific 
suppression of selected genes are becoming increasingly appar- 
ent. Recent studies (19-26) indicate that siRNAs directed 
against endogenous genes can inhibit the expression of virtu- 
ally any protein-coding gene in any mammalian cells. Impor- 
tantly, RNA and protein analysis indicate that only the tar- 
geted gene is affected by the corresponding siRNA (15-26). 

In summary, we designed and utilized siRNAs to AQP1 that 
markedly diminished the expression of this protein in IBDUs. 
As a result, cholangiocyte osmotic water permeability and net 
water secretion were significantly reduced, suggesting that at 
least 65% of water transported across biliary epithelia is AQPl- 
mediated. These data are the first to demonstrate the feasibil- 
ity of utilizing siRNAs to specifically reduce the expression of 
AQPs in epithelial cells. They also provide further evidence of 
the importance of AQP1 in water transport by biliary epithelia. 
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ABSTRACT 

The expression of type IV collagenase (M r 72,000) has been examined in 
tissues from patients with benign prostatic hyperplasia (6 patients) and 
varying Gleason grades of malignant prostate cancer (18 patients). Im- 
munoperoxidase labeling indicated that expression of the type IV colla- 
genase was weak or nonexistent In benign tissue but consistently strong in 
the glandular and ductal epithelial cells of prostate tumors diagnosed at 
Gleason grades 1-8. In moderate to advanced cancer (i.e., Gleason grades 
2 to 8), invasive tumor foci in the stroma] tissue produced relatively 
modest amounts of type IV collagenase. The norma) stromal tissue 
(i.e., flbroblasts) uniformly failed to produce detectable levels of type IV 
collagenase in the 24 patients examined. Northern and quantitative slut 
hint hybridization assays demonstrated that collagenase type IV mRNA 
levels were low in benign tissue and high in malignant tumors. In contrast, 
the stromal cells did not express significant amounts of type IV collagenase 
mRNA. Engyme-linked immunosorbent assays demonstrated that the 
amounts of type IV collagenase protein correlated directly with the mRNA 
levels in the tiunnr (issue. The studies suggest that type IV collagenase may 
be selectively overexpressed by malignant, preinvasive prostatic epithelial 
cells. 

INTRODUCTION 

Prostate cancer ranks first as the cause of cancer deaths in adult 
males in the United States. Distant metastases to the lymph nodes and 
vertebrae bone marrow are the principal reasons for death. In prostate 
cancer, tumor size is a poor indicator of metastatic behavior, bul the 
degree of cell differentiation, the extent of basement membrane de- 
struction, and localized invasion of the stroma are fair prognostic 
factors, 

Destruction of the basement membrane has been observed, in col- 
orectal adenocarcinoma, gastric carcinoma, and prostate adenocarci- 
noma (1-3). The implication is that type IV collagenase (and other 
proteases). is overproduced to facilitate penetration of the basement 
membrane material and invasion of the stroma (4). Thus, type IV 
collagenase production may serve as a good marker and prognostic 
factor for tumor progression. 

There are a few in vivo studies, notably in breast and colon cancer, 
which have shown an association between increased collagenase pro- 
duction and malignant aggressiveness. One early study revealed that 
a direct relationship existed between increased levels of collagenase 
synthesis and the extent of tumor dissemination in explants of mice 
mammary tumors (5). Recent papers by Stetler-Stevenson and col- 
leagues (6-8) and others have clearly shown that an increased expres- 
sion of the M, 72,000 type IV collagenase occurred in malignant 
breast cancer (7, 8), colon adenocarcinomas (8-10), and gastric cancer 
(8). The investigators observed that the invasive ductal and lobular 
tumor cells expressed high levels of type IV collagenase. In general, 
they found that increased collagenase expression is associated with the 
progression of tumor cells for each of these cancers. Likewise, Van 
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Der Stappen el al (11) found that enhanced collagenase activity is 
associated with increased tumor penetration of the surrounding stroma 
and poor differentiation of tumors. 

In contrast to the above findings, one group reported that they 
observed no striking differences in the level of collagenase secreted by 
benign and malignant breast tumors (12). The contradictory nature of 
these results is puzzling but may arise as a result of the patient 
makeup, differences in the antibodies used, or masking of antigen sites 
or the antibody-antigen recognition sites. Further work is required to 
resolve such differences and to determine if other tumor tissues 
(i.e., prostate cancer) or the surrounding stroma selectively overex- 
press specific collagenases. 

In our laboratory, we have investigated the role of metalloproteases 
in prostate cancer invasion and metastasis (13-15). We observed that 
high levels of a M , 72,000 type IV collagenase were secreted in highly 
invasive subclones (i.e., a PC-3 ML subclone) isolated from the PC-3 
human prostatic parent line. Conversely, totally noninvasive PC-3 
subclones isolated from the same parent line produced very low levels 
of the protease. The invasive PC-3 subclones were highly metastatic 
following i.v. injection in SC1D mice (16) and overexpressed colla- 
genase type IV in vivo? The noninvasive PC-3 subclones were totally 
nonmetastatic (16), grew slowly subcutaneously. and failed to express 
the protease in vivo. 4 Taken together, the data suggested that type IV 
collagenase expression may be involved with tumor invasion and, 
perhaps, may be an excellent prognostic marker for metastatic cells in 
human tumors. 

To lcam more about the relationship of type IV collagenase 
(M, 72,fXK)) expression to tumor phenotype in vivo, we have examined 
BPH S and malignant prostate tissue from transurethral resection of the 
prostate of 24 patients. Immunoperoxidase labeling has demonstrated 
that the benign or BPH patients (6 of 6) expressed the enzyme in a 
variable fashion. In comparison, all the tumors given a Gleason grade 
greater than 1 uniformly expressed significant amounts of type IV 
collagenase. Quantitative Northern and slot blotting cDNA hybridiza- 
tion assays of RNA extracted from frozen tumor tissue showed that the 
amounts of collagenase IV increased with higher Gleason scores. 
ELISAs of protein extracts of the same tissue consistently indicated 
thai the collagenase IV levels were low in BPH tissue and increased 
proportionally in tissues with an increased Gleason grade. We suggest, 
therefore, that collagenase IV levels may be an excellent prognostic 
indicator of the grade of progression of the disease. 

MATERIALS AND METHODS 

Prostate tissue was obtained fresh within 5 inin of surgery from transurethral 
resection of the prostate (provided by Dr. l>cstcr Karafin at the Department of 
Urology at the Medical College of Pennsylvania). For histology, pieces of the 
tissue samples were immediately fixed in 95% methanol at 4°C for 30 nun, 
postfixed in 10% neutral buffered formalin for 18 h, and embedded in paraffin 
for sectioning and imrrmnosraining. Samples of the above tissue ( 1 g) also were 



'' M. Stearns and M. Wang, unpublished data. 
4 M. Stearns and M. Wang, unpublished data. 

3 The abbreviations med are: BPH, benign prostatic hyperplasia; cDNA, complemen- 
tary DNA; ELISA, enzyme-linked immunosnrhent assay: TC, lumor collagenase; TA, 
ttimor actin: NC. oormnl tissue collagenase: NA. normal tissue aetin; PBS, phosphalc- 
buffcrcd saline; SDS-PACE, sodium dodecyl sulfalc-potyacrylamide gel electrophoresis: 
PAP, peroxidase anti-pcroiudasc. 
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frozen by dipping in liquid nitrogen and stored at -70*C. Other pieces were 
fixed in formalin and sent to pathology for diagnosis. Twenty-four patients 
were sampled in total (17), including 6 benign, and 18 patients were assigned 
a Gleason grade of 1 to 8 by the pathologist. 

Immunoperoxidase Labeling. The avidin-biotin iinniunoperoxidase tech- 
nique was used to lahel tissue sections according to methods of Hsu et al (18). 
In brief, the sections were dewaxed, rehydrated. and incubated with 0.5% H-Oj 
at room temperature in absolute ethunol for 60 min (3 times). The sections were 
incubated .with 5% normal goat serum plus 1% bovine serum albumin. The 
solutions' were removed, and the primary antibodies were added at dilutions of 
1:200 for 2 1) al 37°C in a 5% C0 2 incubator. Biorinylated goat anti-rabbit IgO 
(1:200 dilution) was added for I h. AviUin-biotin-peruxida.se (Vectastain Kit; 
Vector Laboratories, Buriifigame, CA) was added for I h, and the reaction 
developed for exactly 15 min with freshly prepared (0.5 mg/ml) 3,3'-diami- 
nobenzidine telrahydrochluride (Sigma. St. Louis, MO) and 5 ul/ml H 2 0 2 in 50 
itim Tris (pH 7.6). All tlie antibodies were diluted with 50 mvi Tris-buffered 
saline (pH 7.6). Ten 'representative sections from each specimen were selected, 
and the slides were photographed using a Zeiss microscope and a X40 plan- 
apo lens. 

ELISA Assays. For ELISA assays, 2-g pieces of human prostate tissue 
snap-frozen in liquid nitrogen were ground to a fine powder on dry ice using 
u mortar and pestle. The powder was rcsuspended in I ml 0.1 m Tris-HCl 
(pll 7.2) at 4°C with shaking for I h. Following cenrrifugation at 10,000 X g 
for 30 min, the supernatant (*=1 ml) was concentrated to 0.2 ml with an 
Amicon filler (10,000 molecular weight cut-off). The protein concentrations 
were determined using a' Bio-Rad kit and 40, 30, und 20 ug of each sample 
added to individual 96-well HL1SA plates (Costar, Lie). Following 1 h of 
incubation at 37°C. the sample was removed, the wells were washed 3 times 
with PBS (pH 7.2) and incubated with PBS plus 5% normal gnat serum, and 
then primary antibody was added for 1 h at 37°C: Knally. the wells were 
washed with PBS and incubated with secondary anlibody-rhodamine conju- 
gates (Sigma). Following 3 washes with PBS, the plates were read on an 
automated ELISA reader. The background fluorescence from secondary anti- 
body binding was presubtracted by the ELISA reader prior to reading the 
primary antibody signal. 

Extraction and Purification of Collagenase. The PC-3 ML cells were 
cultured, and conditioned medium was prepared according to published pro- 
cedures (15). The Af> 72,000 type IV collagenase was purified from the con- 
ditioned medium of human prostatic PC-3 ML cells (14, 15) according to the 
method of Collier et oK (19). Crude protein extracts were prepared from pieces 
(0.5 to 1 g) of pulverized prostate tissue. The pulverized powder was resus- 
pended in 0.5 ml Dulbecco's modified Eagle's medium and 0.5 m 4-(2-hydrox- 
yemylH-piperuzineethanesulfonic acid buffer (pH 7.2). and cenrrifuged at 
3000 X g. for 10 min. and the supernatant was prepared for SDS-PAGE and 
Western blotting. Collagenase IV was purified using a protein A-linked (New 
Brunswick Institutes, Trenton, NJ) collagenase IV antibody affinity column 
(15). 

SDS-PAGE (8% gels) was carried out according to the method of I^emmli 
el al. (20). Silver staining was performed according to the method of Merril 
a aL (21). Western blots were carried out by the method of Towbin et al. (22). 
Protein measurements were made with a Bio-Rad kit (Bio-Rad) using the 
manufacturer's procedures. Gelatinase assays were conducted according to 
previously published methods (23). 

Extraction of RNA. RNA wan extracted from pieces of human prostate 
tumor tissue and from 2-mm' pieces of adjacent normal tissue obtained from 
resections of the 24 patients sampled. To extract RNA the fresh tissue was 
frozen in liquid nitrogen and stored at -70°C. The frozen tissue was reduced 
to a powder using a mortar and pestle, and RNA was extracted with guanidine 
ismhiocyanate und isolated by cenrrifugation on CsCl gradients according to 
published methods (24). Pieces of the tissue were also prepared by cryosec- 
lioning for histopathology and Gleason grading. 

Northern Blots. The extracted RNA (5 ug) was eluted on 1% w/v agarose 
gels cross-linked with 2 m formaldehyde as described by Mauiatis et al. (25). 
The fractionated RNA was transferred to Gene Screen Plus membranes 
(Dupont, Inc.) and the membranes were washed with 2X standard saline citrate 
and UV-cross-linked with 1.5 X 10* ii/cm* utilizing a UV Stratalinker 2400 kit 
(Slratagene, Inc). Following prehybridization. the membranes were hybridized 
for 18 h at 42°C .with the type IV collagenase cDNA radiolabeled with 
lo- 32 P]dCTP (NEN, Irtd.) using the random primer technique. The hybridized 



filters were washed in I X standard saline citrate containing 1% sodium dode- 
cyl sulfate at 65°C for I h. Autoradiography was carried out at -70°C with an 
intensifying screen. The M, 72.000 type IV colJugenase cDNA wus a gift of 
Dr. Gregory Goldberg and colleagues (19. 26). 

Slot blots with the collagenase cDNA were carried out utilizing a Bio-Rad 
apparatus and methods described by Levy et aL (6). Three dilutions of each 
total RNA (1 . 2, 3 (ig/ml) were prepared and blotted to Zeta-Probe membranes 
(Bio-Rad), processed, and hybridized with "P-labeled cDNA as described 
above for the Northern blots. Signals in individual slots were extracted with 
Clorox bleach and quantified using a scintillation counter (Bcckman 9000S). 
The data were averages ± SD of triplicate experiments. 

RESULTS 

Western Blotting. The polyclonal antibodies raised against type 
IV collagenase were previously shown to bind crude Af r 72,000 type 
IV collagenase isolated from either the cytoplasm or the conditioned 
media of two different human prostatic cell lines (i.e., PC-3 and DU 
145) (13-15). 

Western blots (Fig. 1, Lane 4) demonstrated that the antibodies 
recognized the M r 72,000 protease in crude tissue extracts from a 
patient with advanced cancer (i.e., Gleason grade 8) (Table I ). West- 
ern blots (Fig. 2A) further showed thai following pnitein A antibody 
affinity purification and activation of the proenzyme (with 10 jim 
organomercurial chlorate for 30 min al 37°C) the antibodies specifi- 
cally recognized the M, 72,000 proenzyme isolated from BPH and 
Gleason grade 8 tumor tissue. The antibodies did not bind (he 
M, 64.000 zymogen or the NH,-terminal fragment generated by ac- 
tivation (Fig. 2A, arrow). The zymograph in Kg. IB confirmed thai 
both BPH and Gleason grade 8 tissue extracts contained the M, 72,000 
prozymogen and Af r 64,000 activated zymogen gelatinase. 



72 ^^ i yj afr ? 




Fig. I . Western Wot of crude tissue extracts from o Gleason grade 8 (Tabic 1) prostate 
tumor. The crude extracts (Lanes I and 2) were blotted with the M, 72,000 type IV 
collagenase antibody (Ijmcx 3 and 4). In lime .? (here wus u total absence of labeling with 
antibody, which was preabsorned wilh uffiniiy-purified human type IV collagenase (if., 
wild 100 ug/iiu for 30 min at 37K:) purified from PC-3 ML cells. In Lane 4 the type IV 
collagenuse antibody speci fically hinds the M, 72,000 pnwyinogen. The lane* were Iwiiled 
wilh 10 mg total protein and both firM -degree and PAP second-degree antihiidies used at 
n dilution of 1:200. 
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Table 1 Slot btat Ityhrtdination assays oftmal cellular KNAfmm pmsutie rumor tissue and adjacent normal struma 
Ten. 7.5, and 5 jig of each RNA sample were eluted on the fillers and hybridized with [a."PJdCTrMabeled type IV collagenase cDNA. Duplicate experiments we carried out 
using "P-radiolabclcd B-actin cDNA. Fillers were extracted with dorm bleach for scimillalion counting. Each data point wa.s the average ± SD of triplicate measurements of the 
three RNA dilutions. 
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PAP Imitiunolabeling. The expression of the M r 72,000 collagcn- 
ase was examined by PAP antibody labeling or benign and malignant 
human prostate tissue (Table I ). Fig. 3 eompares the relative cxtcnl of 
antibody labeling observed in benign (Fig. 3A) and malignant tissue 
(Hg. 3, 1) and C). In benign tissue, some of the glandular and ductal 
epithelial cells express the M, 72,000 protease, but always to variable 
degrees. Many of the cells and glands failed to express any detectable 
collagenase (Fig. 34). In comparison, in the tumor tissue, the epithe- 
lial cells within the glands and ducts were strongly labeled (Fig. 35, 
Gleason grade 6). The tumor cells of invasive foci within the stromal 
(issue were also labeled in these tissue (Fig. 3C). Fig. 3 shows an 
example of what was typically observed in the 24 patients examined. 
In all cases, there was positively no indication that the basement 
membrane, the extracellular matrix, the surrounding stromal cells, or 
nearby normal, tissue (Fig. 3D) was labeled beyond faint background 
levels. Labeling with secondary avidin-biotin peroxidase-labeled 
antibodies also produced background levels of labeling. Finally, la- 
beling with /J-actin antibodies (Cappel Laboratories, Inc.) showed 
uniform labeling of the epithelial and stromal ceJLs in all of the 
specimens (data not shown). 

Northern and Slot Blotting. We have measured the mRNA con- 
tent of the M, 72,000 type IV collagenase in extracts of flash-frozen 
tumor tissue. These rumor-rich areas and normal tissue were identified 
by histological examination of cryoscctions, and the tumor tissue and 
normal tissue were removed from the block by dissection. These 
tissues were then pulverized on dry ice for extraction of the RNA. 

Fig. 4 shows Northern blots of total cellular RNA extracted from 
benign tissue (Aane /) and from malignant tissue which was assigned 
Gleason grades of 1, 2, or 3 (Fig. 4A) and 4, 6, or 8 (Fig. 4B). The 
M T 72,000 lype IV collagenase was expressed in barely detectable 
amounts in benign tissue (Fig. 4A, Lane I ). In contrast, the protease 
was expressed in significant amounts in malignant tissue taken from 
patients with Gleason grades of 1-8 (Fig. 4A, Lanes 2-4; Fig. 4B, 
Lanes 1-4). 

In alt of these experiments, we were unable to separate the glan- 
dular tissue from the invasive tumor foci. More importantly, variable 
amounts of stromal tissue were present in the samples. This did not 
appear to be a problem, however, since the extracts from the normal 





Fig. 2. A and 8, SDS-PAGE (Lanes I and 2) and the corresponding Western blue 
(.Lanes 3 and 4), showing that the type IV collagenase antibodies recognized the affiniiv- 
purified if, 72,000 proenzyme from both BPH (Lanes I and J) and Gleason grade 8 
(Ijmex 2 and 4) patients, lane. S shows no labeling with T antibodies alone of BPH 
extracts. Following activation with 10 u.m orgsnomcrcuhal chlorate only the proenzyme at 
M, 72,000 was recognized by the antibody. The cleaved, COOH-tenninal (M, 64.000) and 
NHvtcrminal fragment (arrmrhead) were not labeled. B. zymography of the BPH (Lane 
1) and (ilcason grade 8 (l^me 2) protein esuracts. The two bands at M, 72,000 and 64.000 
demonstrate gcjatin&sc activity of the pni/.ymogeri and zymogen form of the enzyme. The 
lanes were loaded with 30 mg (Lane I) and 10 mg of total protein from (he crude whole 
cell extracts. 
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Fig. 3. A-C, immunoperoxidase-labeled human proslute lissue from a benign (A) and 
malignant lumor (fl and C), fileason grade 6. The glandular Bnd ductal lissue are shown 
in A am) B: an invasive foci is shown in C. O, unlabeled normal tissue from the specimen 
in B and C. The collagenase IV antibodies were used at dilutions of 1:25(1. A, X 800; B 
and C, X 1200; D, 800. 



stromal tissue of different patient samples did not contain detectable 
type IV collagenase mRNA. 

Slot blot hybridization assays were carried out on total RNA ex- 
tracted from the tumor-rich regions and the nearby normal stromal 
tissue of frozen prostate tissue from 24 patients (Table 1 ). Scintillation 
counting revealed that ^P-labeled type IV collagenase cDNA binding 
to the filters increased with the assigned Glcason grade for the tumor 
(Table 1). The levels ol cDNA binding to RNA extracted from benign 



tissue and from normal stromal tissue of each specimen {i.e., taken 
from each of the respective patients) was low. The ratio of collagenase 
IV 32 P-cDNA binding to tumor tissue (TC) versus normal stromal 
tissue (NC) increased significantly as a function of the Gleason grade. 
The ratio was approximately 2-3-fold in benign tissue; 0.5-5-fold at 
Gleason grade 1; 5-10-fold at Glcason grade 2: 10-61-fold at Gleason 
grade 4; 24-75-fold ai Gleason grade 6; and 24-115-fold at Gleason 
grade 8. 

Control measurements showed that the levels of (3-actin 32 P-cDNA 
binding to duplicate samples of both TA and NA remained fairly 
constant in the 24 patient tissues examined. The TC:TA ratio ranged 
from 0.2 in benign to 11.5 in grade 8 tumor tissue. In contrast, there 
was no significant change in the NC:NA ratio in normal stromal tissue 
extracts. 

ELISAs of Collagenase IV Levels. ELlSAs (Table 2) of the pa- 
tient samples in Table I demonstrated that the collagenase TV protein 
levels (TC) directly correlated with the RNA levels in the 24 tumor 
tissue samples. The ELISA values increased progressively from about 
0.0 1 in BPH to as high as 0.60 in Gleason grade 8 tumor tissue. The 
TA levels were fairly constant in all the tissue samples and varied from 



N 



3 4 5 6 7 8 



N 



B 




Fig. 4. A and B, Northern blot analysis of total cellular RNA from prostate tumor tissue 
(r, Lanes 1-4) and adjacent normal stroma) tissue {N, Lanes 5-8), respectively. In A, the 
tissue was from benign tissue (Lanes I and 5); and from tissue with a Gleason grade of 
I {Lanes 2 and 6); 2 (.Lanes 3 and 7); or 3 {Lanes 4 and 8). In B the Gleason grade was 
4 (Lanes 1 and 5); b (Lanes 2 and 6); 6 (Iwies 3 and 7); or H {lanes 4 and S). Each well 
wax huded with 6 ug total RNA. and the membranes were hybridized with |a-"PldCTP- 
labeled cONA to the M, 72,000 collagenase {upper band) and (3-actin {lower band). Note 
that in 8, lane 5, the p-actin blot was faint. 
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Table 2 EUSA assays 
Protein wm extracted from 2 g of tissue, and 40, 30. anil 20 ug of protein were applied 
to membrane filters. The first-degree antibodies were used at dilutions of 1 :250. and 
rhodamine-tdggeU second-degree antibodies were used at 1:200 dilutions. Data are 
averages ± SD from duplicate tfudies and triplicnte measurements for each protein 
concentration of each sample. 
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0.35 to 0.52. Accordingly, the TC:TA ratio increased from 0.02 in 
BPH to 1.36 in Glcason grade 8 (Table 2). The collagenase IV levels 
in the adjacent normal tissue of the patient samples consistently 
yielded values below 0.01. The NA levels in these tissue varied from 
0.41 to 0.56, and the ratio of coJlagcna.se IV to actin was fairly 
constant at aboot 0.02.- 

DISCUSSION 

An increased secretion of melalloproteinascs (i.e., type IV colla- 
genase and other proteases) has been associated with the invasive and 
metastatic phenotype of tumors (4-8, 10, 12. 13-15, 19. 27). For 
example, in vivo studies with several human primary colorectal car- 
cinoma cell lines which exhibited high type IV collagenase levels 
have shown that the cells have a correspondingly high ability to 
metastasize in nude mice. Following ras oncogene transfection, in 
vivo studies have further demonstrated an association of enhanced 
expression of the M, 72.000 type IV collagenase with an invasive 
phenotype (19). Likewise, quantitative in vitro studies with Boyden 
chemotactic chambers (13, 28) and animal model studies have indi- 
cated that the ability of tumor cells to invade basement membrane 
material was directly associated with their metastatic aggressiveness 
in vivo (2). 

Utilizing collagenase antibodies which recognized the uncleaved 
M r 72,000 type IV collagenase, we discerned qualitative differences in 
the levels of cytoplasmic collagenase expressed by benign, malignant, 
and invasive tumor foci. Immunoperoxtdase labeling showed that the 
epithelial cells in benign tissue were either labeled, poorly labeled, or 
not labeled at all, indicating that there was variable expression of the 
protease in the nonmalignant epithelial cells of the glands and ducts. 
In comparison, the malignant epithelial tumor cells strongly expressed 
collagenase at consistently high levels. Cells in the invasive tumor 
foci also expressed the protease but often in comparatively modest 
amounts. 

Levy et al (6) have found that antibodies raised against a M, 72,000 
human collagenase preferentially labeled only the invasive carcinoma 
cells of the colon. The stromal cells were not labeled in their prepa- 



rations. Likewise, Hewitt et al. (10) recently have reported that type 
IV collagenase and its inhibitor, tissue inhibitor of metal loproteinase, 
were both overexpressed in advanced colorectal cancer. The benign 
and normal tissue produced very little of either the protease or tissue 
inhibitor of metalloproteinase. Interestingly, their immunolabeling 
studies indicated that both type IV collagenase and tissue inhibitor of 
metalloproteinase were also localized in the extracellular matrix im- 
mediately adjacent to the tumor tissue. More importantly, increased 
staining of the matrix was observed at the leading invasive edge of the 
tumor, indicating a direct involvement of protease secretion in the 
process of invasion. 

We observed only background levels or no staining by type IV 
collagenase antibodies in the extracellular matrix surrounding prostate 
tumor tissues. Similar results were obtained with both alcohol/ 
aldehyde fixed sections and cryosections (6-um thickness). Antibody 
affinity and titer did not appear to be a problem, since labeling with 
higher first-degree and second-degree antibody titers (1:100 and 1:20 
dilutions, respectively) also failed to produce staining of the basement 
membrane, the stromal cells, or the extracellular matrix (data not 
shown). We believe, therefore, that the levels of protease, in the ex- 
tracellular matrix may be below detectable limits. However, antigenic 
masking could occur, or the protease may be localized on the outer 
cell surface of the invasive cells and thus appear' to be part of the 
cytoplasmic pool. 

The variable nature of the labeling in benign tissue suggested (hat 
quantitative measurements of both type IV collagenase mRNA and 
protease levels were essential for prognostic purposes. To measure the 
mRNA levels, we utilized the M r 72,000 type IV collagenase cDNA 
clone of Goldberg et al. (26). Northern blots showed that the cDNA 
detected mRNA in BPH and the malignant tissue at Glcason grade 1 
to 8. The slot blot cDNA hybridization results clearly showed that 
mRNA expression increased dramatically as a function of the malig- 
nant status of the human prostate tissue examined. Low and variable 
levels of mRNA were detected in benign and low-grade tumors 
(i.e., Gleason grade 1): whereas the more advanced tumors expressed 
quantitatively significant increases in type IV mRNA in direct pro- 
portion to the rumor grade. 

F.LISA measurements of the M T 72,000 proenzyme present in tissue 
sample extracts mirrored the cDNA hybridization results and showed 
that the collagenase IV levels were also increased as a function of the 
Gleason grade of the tumor tissue. Benign tissue expressed low or 
background levels of detectable collagenase IV. Thus, although col- 
lagenase is detectable in the BPH epithelial cells by immunoperoxi- 
dase labeling, the overall levels of protease synthesis (and presumably 
secretion) arc low in benign epithelial cells and surrounding tissue. 

In other studies of prostate cancer, Albini et al. (28) found by 
Northern blot analysis that PUMP-I (i.e.. human metalloproteinase I) 
was expressed in 27% of normal prostate tissues, in 72% adenocar- 
cinomas, and in 66% of (he lymph node metastases examined. In situ 
hybridization with PUMP-1 anlisense "S-labcled mRNA revealed 
that the gene was expressed in epithelial cells of the prostate adeno- 
carcinomas. Invasive and metastatic cells also expressed the gene, but 
the stromal cells did not express PUMP-1. 

In addition, Pajouh et al. (29) carried out Northern blot studies of 
type I and type IV collagenase and stromelysin I expression. They 
reported that 6 of 10 adenocarcinomas and 0 of 4 normal prostate 
tissues expressed type IV collagenase. All of the 9 adenocarcinomas 
and 4 of 4 normal prostate specimens examined expressed type I 
collagenase. Stromelysin I was not expressed in 13 adenocarcinomas. 
Their data suggested that several melalloproteinases may be produced 
by malignant tumor cells to facilitate penetration of the basement 
membrane and stroma. 
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The data in this paper concur with the results in Pajouh's report. Our 
quantitative assays strongly suggest that increased type IV collagenase 
production is associated with and, therefore, is a good prognostic 
marker for malignant epithelial tumor cells in prostate cancer. 
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Human Tumors: Demonstration of Tumor-type Specificity and 
Implications for Cancer Chemotherapy 
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ABSTRACT 

Topoisomerase 1 has been identified as an intracellular target of camp- 
tothecin, a plant alkaloid with anticancer activity. Various lines of evi- 
dence suggest that the sensitivity of cells to this drug is directly related to 
the topoisomerase I content. In humans, the levels of topoisomerase I 
have been shown to be elevated in colorectal tumors, compared to nor- 
mal colon mucosa. The aim of our study was to determine whether (a) 
topoisomerase I levels are elevated in other solid tumors, (b) the elevated 
enzyme is catalytically active m these tumors,' and (c) the increase In to- 
poisomerase 1 levels in colorectal tumors is a result of increased tran- 
scription or translation. Topoisomerase I levels were quantitated in crude 
extracts from colorectal, prostate, and kidney tumors and their matched 
normal counterparts by Western blotting and by direct determination of 
catalytic activity, and mRNA levels' were determined by Northern blot- 
ting. By Western blotting, colorectal tumors showed 5-35-fold increases 
in topoisomerase I levels, compared to their normal colon mucosa. In the 
case of prostate tumors, the increase was 2-10-fold, compared with be- 
nign hyperplastic prostate tissue from the same patients. However, no 
difference was observed in topoisomerase 1 levels in kidney tumors, com- 
pared to their normal counterparts. Tfce catalytic activity of topoisomer- 
ase I was determined by a quantitative 32 P-transfer assay in crude ho- 
mogenates,. without Isolating nuclei. Colorectal and prostate tumors 
exhibited 11-40- and 4-26-fold increases, respectively, in catalytic activ- 
ity. However, kidney tumors did not show any alteration in catalytic ac- 
tivity, compared to their normal matched samples. Thus, fi>r all three tu- 
mor types there was a good correlation between enzyme levels and 
catalytic activity. Finally, colorectal tumors were analyzed for steady 
state mRNA levels. A 2-33-fold increase in mRNA levels was found in 
colorectal tumors, compared (o normal colon mucosa. These results sug- 
gest that alterations in topoisomerase I expression in humans are tumor 
type specific and that the increase in topoisomerase I levels results from 
either increased transcription of the topoisomerase I gene or increased 
mRNA stability. 



INTRODUCTION 

Topoisomerases are nuclear enzymes, that control the topological 
states of DNA by catalyzing the concerted breaking and rejoining of 
UNA strands. Two major types of topoisomerases, topoisomerase I 
and topoisomerase II, have been identified in all cukaryotic cells. 
Topoisomerase I creates a transient single-strand nick and passes the 
intact strand through the break before resealing. Topoisomerase II 
makes a double-strand break and passes an intact double strand 
through the nick before the nick is sealed. These enzymes have been 
implicated in many important cellular, processes such as replication, 
transcription, recombination, DNA repair, and chromosome segrega- 
tion at mitosis (1, 2). 



Received 8/5/93; accepted 11/I5.TO. 

Tbe costs of publication of this article were defrayed io part by the payment of page 
charges. This article mjsl therefore he hereby marked advertisement in accordance with 
18 U.S.C Section 1734 solely to indicate this foci. 

' To whom requests for reprints should he ;tddressed, at Department of Cell Biology, 
Gliuto Inc. Research Institute, Five Moore Drive, Research Triangle Park, NC 277119. 



Both types of topoisomerases have generated extensive clinical 
interest after their identification as molecular targets of several anti- 
tumor drugs (2, 3). Topoisomerase H-directed drugs are diversified in 
structure and include both DNA intercalalors and nonititercalators. 
Many of these drugs, «.«., Adriamycin, mitoxaturone, and ctoposide, 
are in clinical use. 

Recently, topoisomerase I has been identified as a molecular target 
of camplothecin, a plant alkaloid thai shows antitumor activity in 
various animal tumor models (4, 5). Camptothecin and its derivatives 
interfere with the DNA breakage-reunion reaction by stabilizing a key 
covalent intermediate between DNA and the enzyme, resulting in the 
cleavage of DNA (4, 6). 

The sensitivity of cells to the topoisomerase-largetcd drugs appears 
to be related lo the level of topoisomerases in the nucleus (7-11). 
Selective toxicity of topoisomerase II inhibitors toward rapidly pro- 
liferating tumor cells might be due to the high levels of topoisomerase 
II in these cells, compared to low levels of this enzyme in quiescent 
cells (12, 13). In contrast to topoisomerase II, the levels of topoisom- 
erase I do not change with (he cell cycle. However, the recent finding 
by Giovenella et al. (14) that topoisomerase I levels appear elevated 
in advanced stages of human colorectal adenocarcinoma, compared to 
normal colonic mucosa, suggests that topoisumcrase I may also be an 
important target of antitumor drugs for tumors showing elevated lev- 
els of this enzyme. 

Increased expression of topoisomerase I in tumors, compared to 
normal tissue, could provide selective therapeutic cytotoxicity of 
drugs directed against topoisomerase I. This prediction is supported 
by the following observations: (a) baby hamster kidney cells overex- 
pressing topoisomerase I are hypersensitive to camptothecin (9); and 
(b) camptothecin-resistant tumor cell lines express decreased levels of 
topoisomerase I (10). 

In spite of the clinical importance of topoisomerase 1, data con- 
cerning the quantitation of this enzyme in human tumor biopsies are 
very limited (14-16). Furthermore, in these studies topoisomerase I 
levels have not been correlated with the catalytic activity of the 
enzyme and its expression at the mRNA level. 

In an attempt to understand the regulation of DNA topoisomerase 
I, we studied the expression of topoisomerase I in human tumor 
specimens and their normal counterparts. Specifically, wc wanted to 
answer the following questions, (a) Are the levels of topoisomerase 
I, which arc elevated in colorectal adenocarcinoma, also elevated in 
other solid tumors or is this phenomenon specific to colorectal tu- 
mors? (b) Is the elevated topoisomerase I catalytically active in these 
tumors? (c) Arc increased levels of topoisomerase I due to increased 
transcription or translation? Our results indicate that in tumors of the 
colon and prostate, but not kidney, topoisomerase I catalytic activity, 
protein levels, and mRNA content were significantly elevated, com- 
pared to matched normal controls. The increase in the topoisomerase 
I levels results from either increased transcription of the topoisomer- 
ase I gene or increased mRNA stability. 
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TOTOlSOMtaiASE I EXPRESSION in human tumor biopsies 



MATERIALS AND METHODS 

PMSF,' J leupcplin, pepslalin A, und Sephadex G-50 quick-spin columns 
were purchased from Bochringcr Mannheim. Plasmid pBR322, DNase I. and 
(he random primer labeling kil were supplied by Bethesda Research Labora- 
tories. ["PJdCTP (3000 and 6000 O'/mmol) and nick translation kits were 
from DuPont New England Nuclear Corporation. I25 l-labeled Protein A was 
supplied by Amersham. Kleuow fragment, polynucleotide kinase, T 4 ligase, 
and restriction enzymes were purchased from cither DRL or Promcga Corpo- 
ration. The Scqucnase kit and cDNA synthesis kit were supplied by United 
States Biochemical Corporation. Intmobilon-P and Nylran membranes were 
purchased from Millipnrc (Bedford, MA). Human scleroderma sera containing 
aiititopoisomerase I antibodies (17) were a gift from Dt. Paul Agws, North 
Carolina State University. Polyclonal antibodies against purified topoisomer- 
ase were a gift from Dr. Leroy F. Liu, The Johns Hopkins University School 
of Medicine (Baltimore, MD). Peptides for raising antibodies were synthesized 
at the Deparlmeut of Microbiology and Immunology, University of North 
Carolina (Chapel Hill, NQ. The IgG purification kit and Sulfolink coupling gel 
for preparation of the affinity column were obtained from Pierce Chemical 
Company. 

Tissues. Samples of colorectal tumors and normal colon were obtained 
from patients who underwent surgery at Duke University Medical Center 
(Tables 1, 2, and 3). When the tumor was dissected, care was taken to ensure 
that normal components of bowel wall were not included. For normal colon, 
just the mucosa was dissected away and elements of bowel wall including the 
muscle layers and serosa were not included. Samples of prostatic adenocarci- 
noma and grossly mirmal peripheral zone from the contralateral lobe were 
obtained at radical rettopubic prostatectomy, for clinically localized carcinoma, 
from nine patients treated at the University of North Carolina (Table 1). Eight 
patients with clinically organ-confined renal masses had tumor and normal 
renal cortical tissue siunpled at radical nephrectomy at the University of North 
Carolina (Table 1). All specimens were frozen immediately in liquid nitrogen 
and stored at -100 o C. The identity, of all tissues studied was confirmed mi- 
croscopically and all specimens were free of necrosis and preservation or 
preparation damage. The clinical and pathological characteristics of patients 
with colorectal, prostate, and renal malignancies are summarized in Tables 1 
and 3. 

Plasmid containing GAPDH cDNA was a gift from Dr. Cheryl Walker, 
Chemical Industry Institute of Toxicology (Research Triangle Park, NC): IleLa 
cells were obtained from the Lincbcrger Comprehensive Cancer Center, Uni- 
versity of North Carolina (Chapel HilL NQ. The HT-29 human colon adeno- 
carcinoma cell line was obtained from the American Type Culture Collection 
(Rockville, MD). The cells were grown in McCoy's 5A medium containing 
10% felal bovine serum and 2 mu glutamine, in an atmosphere Of 5% C0 2 at 
37 C C. 

Preparation of Nick-translated "P-Laheled DNA. Nick-translated 
pBR322 DNA was prepared using ["PJdCTP (6000 Ci/mtuol) and a nick 
translation kit, according to the manufacturer's instructions. The reaction was 
stopped by adding EDTA to a final concentration of 20 mu. Unincorporated 
dCIP was removed with G-511 Sephadex quick-spin columns. 

Preparation of Crude Extracts from Human Tissues and HT-29 Cells 
for Topoisomerase I Activity. All steps during extract preparation were per- 
formed at 4°C. Frozen tissues (0.15-0.30 g) were first ground with mortar and 
pestle in the presence of liquid nitrogen, suspended in buffer A (10 msi 
Tris-HCl, pH 7.5, 10 m» 2-niercaptocthanol, 10 mM EDTA, 0.25% Triton 
X-10U, 1 iom PMSF, 1 n*i leupcplin, 1 iim pepslalin) at 0.19 g tissue/ml, and 
homogenized with a Potter-Elvehjem Teflon-glass hoinogcnizcr. The extract 
was kept on ice for 30 mis, an equal volume of nuclear lysis buffer B (buffer 
A containing 2 m NaCl) was added slowly, and the mixture was stirred gently 
on ice for 2 h. The suspension was centrifuged al 10,000 rpm in an SS-34 rotor 
for 2 h. Polyethylene glycol 8000 was added slowly to the supernatant (final 
concentration, 5%), the mixture was stirred on ice for 30 min, and the super- 
natant was cleared by ccntrifugation in a Beckraau microfugc. The supernatant 
was dialyzcd against buffer containing 20 him Tris-HCl, pH 7.5, 50 mM NaCl, 



Table 1 Topoisomerase J levels in colorectal, prostate, and kidney tumors expressed as 
the ratio oftiunor to normal and the relationship behveen tlie topoisomerase f levels 
and staging of tumtjrs 
Topoisonicrasc I levels were estimated by Western blot analysis using equal pnitein 
from tissue homogenates of tumor and matched normal samples from the same patients as 
described in "Materials ami Mellmdi" and Fig. 1. The catalytic activity of tnpnisninenise 
1 was determined by the 3 ~l* transfer assay using three protein concentrations from tumors 
and corresponding normal tissue extracts as described in 'Materials and Methods" anil 
Fig. 6. Values in the linear range were used to calculate the ratio. ND, not determined. The 
results «f Western blot analysis on the colorectal tiimin of patient 7 arc shown in Fig. ], 
Lanes I and 2. on the prostate tumors of patient 12 in Hg. 1, Lanes 3 and 4, on the kidney 
tumor of patient 18, in Fig. Y.LancsS ami 6. Hie catalytic activity measurements for the 
colorectal tumor of patient 2, tbe pnistule tumor of patient 12, and kidney rumor of patient 
18 are shown in Fig. 6, Lanes 1 and 2, Lanes 3 and 4, and Lanes 5 and 6, respectively. 
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1 The abbreviations used are: PMSF, phcnylmethylsulfonyl fiuuriile; SDS, sodium 
dodecyl sulfate; PAGP, polyacrylamidc gel electrophoresis; GAPDH, glyceraldchyde-3- 
phosphate dehydrogenase; SSC, saline-sodium citrate buffer; SSJPU. saline-sodium phos- 
phate- EDTA builer; cDNA, complcmcnlary DNA; poly(A)*, polyarlenylatcdjTBST.Tris- 
buffered saline/TVeen. 



" Tirade as reported in Ref. 37; stage as reported in Ref. 38. 
* Stage as reported in Ref. 39. 



10 m.M 2-mercap(oeltiannl, I niM EDTA, 10% glycerol, 1 can PMSF, 1 u.m 
pepslalin, aud 1 um leupeptin, for 12 h al 4°C. The dialyzcd supernatant was 
centrifuged in a microfuge to remove any suspended material and assayed tor 
topoisomerase 1 activity. Crude extracts from HT-29 cells were prepared after 
the cells were washed 3 times with phosphate-buffered saline containing 1 mM 
PMSF, 1 jiM pepstatin. and 1 (am leupeptin, as described for tissue homog- 
enates. Protein was estimated by the bicinchoninic acid prolein assay reagent 
(Pierce), using bovine scrum albumin us a standard. 

Preparation of Nuclear Extracts from HT-29 Cells. Cells were lysed in 
lysis buffer (30 djm Tiis-HCI, pH 7.5, 0.3 m sucrose, 2 nu MgCI?, 2 mu 
dithiothreilol, 15 mu 2-mercaptoethanol, 0.1 mia EDTA, 0.25% Triton X-100, 
1 mM PMSF, 1 jiM leupeptin, 1 um pepstatin) by homngenization in a Potler- 
Elvehjem Teflon-glass homogenizcr. The suspension was kept on ice for 15 
min and centrifuged at 1500 rpm in an SS-34 rolor for 10 min. The nuclear 
pellet was. washed three times with buffer A and resuspended in the saute 
buffer. The nuclei were lysed by adding an equal volume of buffer B. After thus 
step, the protocol for preparation of crude homogenates was followed. 

Antibodies and Immunobtot Analysis. The following peptides from the 
predicted amino acid sequence for topoisomerase I (18) were used for raising 
polyclonal antibodies: (a) CNHORAPPKTFEKSMMNLQTK (amino acids 
630-G50), (/>) CERYPEG1KWKFLEIIKGPVF (amino acids 209-227). and (c) 
CKSSPPQIKDEPDDDGYFVP (amino acids 1 10-128). For raising polyclonal 
antibodies against topoisomerase II, peptide CLNSGVSKTDPAKTKN (amino 
acids 1446-1461) from the predicted amino acid sequence for topoisomerase 
(1 (19) was used. Peptides were coupled to the carrier protein keyhole limpet 
hemucyanin, via /n-maleimidobcnzoic acid rV-hydroitylsuccinimide ester, 
through a cysteine residue, injected inlradermally into rabbits after mixing with 
Freund's complete adjuvant, and subsequently injected i.m. at multiple sites in 
incomplete Freund's adjuvant. IgG was purified from high-tiler amisera using 
an ImmunoPurcPlus (A) IgG purification kil. Ibpoisonierase I-specific anti- 
bodies were purified by passing the IgG fraction over an affinity column 
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TOPOISOMERASE 



Table 2 TopoiS4imeruse I consent (ng/mg protein) 
Tinxiisonrerase I contents from human surgical specimens were determined by Western 
blot analysis. Quantitation was dune by separating equal amounts of protein from normal 
and tumor tissue narnogenates along with different cooccnlrariims of HeLa cell Ivsates. A 
value of 0.6 ng topuisomerase I/IO' HeLa cells (20) was used lo calculate the topoisom- 
ctase 1 contemn. Values are means ± SI). 



Tumor type 



Normal 



Tumor 



Colorectal 

Prostate 

Kidney 



2.7 ± 1.8 (» = 7) 
3.7 ± 1.0 (fl = 7) 
4.9 ± 0.6 (n = 4) 



24.6 t 10.2(/i = f>) 
J5_5 * 10.1 (n - 7) 
4.7 ±1.0 ( „ = 4) 



Tahle .1 Topoisomerase I mRNA levels In colorectal tumors expressed as the ratio of 
tumor to normal and clinical and pathological characteristics of these patients 
mRNA from normal colon and colon tumor bom each patient (2 (ig) was analyzed as 
described in Kg. 8. Values represent ratio of lumor to normal. Patients 26-30 in whom 
mRNA levels were measured were different from patients 1-8 who were used for quan- 
titating topoisomerase I levels and its catalytic activity 
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30 


63 
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prepared by coupling peptide to Sulfolink coupling gel through the cysleine 
residue of the peptide. Affinity-purified antibodies were dialyzed and stored at 
-100°C in phosphate-buffered saline containing 0.5 mg/ml bovine serum al- 
bumin and 0.02% sodium azidc. 

Far immunoblot analysis, tissues were homogenized in buffer A at 4°C and 
then extracted with an equal volume of SDS sample buffer (4% SDS, 10% 
2-mcrcaptoelhanol, and 0.004% bromphenol blue in 160 him Tris-HCl, pH G.8). 
Proteins were scparaled electrophorctically by 7.5% SOS-PAGE. SDS-rmly- 
acryamidc gels and Inimobilon-P membranes were equilibrated in transfer 
. buffer (20 to iYis, 192 nw glycine,- pH 8.2, containing 0.08% SDS and 20% 
methanol) for 30 minr The- proteins were transferred to Immobilon-P mem- 
brane at 45 V for 25 min in transfer huffcr. The blots were incubated overnight 
in blocking buffer, 3% powdered nonfat milk, in TBST (10 mu Tris, pH 8.0. 
.150 to Nad, 0.05% Tween 20, 0.02% sodium azide). The blots were then 
incubated, for 6 h with topoisomerase I-specific affinity-purified antibodies 
, diluted 1:200 in blocking buffer; they were washed three times with TBST and 
incubated with 12S I-tabelcd Protein A in blocking buffer (l.;iCi/ml) for 45-60 
min. After the blots were washed three times with TBST, they were subjected 
to autoradiography and the topoisomerase l-related bands were quantitated by 
densitometry, or the bands were quantitated directly from the filters by phes- 
phoimaging (Molecular Dynamics). 

Preabsorptiun of Autoimmune Serum or Topoisomerase I Peptide An- 
tibodies with IIcLu Cell Extract Topoisomerase L HeLa cell lysate was 
fractionated by preparative SDS-PAGE and the proteins were transferred to 
Immobilon-P. A strip of the membrane was cut away and incubated with the 
, anti-topoisomerase I peptide antibodies or autoimmune serum, and the topoi- 
somerase [-related bund was detected with 125 l-labeled Protein A. This mem- 
brane piece was aligned with the remaining untreated membrane. The mem- 
brane band corresponding lo the topoisomerase I band was cut out. 
Autoimmune serum or anti-topoisomerase 1 peptide antibodies were prcab- 
sorbed on this membrane containing topoisomerase I. 

Assay of Topoisomerase I Activity in Crude Extracts. Topoisomerase I 
catalytic activity was determined by a specific, sensitive, and quantitative assay 
based on the formation of a covalcnt enzyme-DNA intermediate (20, 21). lite 
cycle of strand breakage aad religation during4opoisomera.se I action proceeds 
through an intermediate in which a covalent linkage is formed between a 
tyrosine residue on the enzyme and a 3'-phosphoryl residue at the cleavage site 
in DNA. This assay measures the transfer of **e from 32 P-laheled DNA to 
topoisomerase i. ra P-laheled topoisomerase 1 molecules are identified by SDS- 
PAGE and quantitated by phosphoimaging or by densitometry. 

The reaction mixture contained 50 mM Tris-HO, pH 7.S, 60 mu NaCl, 5 min 
MgCl 2 , 1 mM dithiothrcitol, 0.1 pBR322 nick-translated DNA (specific 
activity, 4-5 X 10 s cpm/fLg DNA), 30 fig/ml nucleasc-frec bovine serum 
albumin, and 1-5 u.1 of tissue hnmogenate, in a total volume of 30 jd. After 
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incubation at 37°C for 30 min, DNasc 1 was added at a concentration of 125 
jig/ml and the incubation was continued for an additional 15 min. The reaction 
was stopped by adding an equal volume of buffer containing O.lfi w Ttis-HCI, 
pH 6.8 4% SDS, 30% glycerol, and 1 0% 2-mercaptoethanol. The samples were 
boiled tor 5 min and proteins were separated by 7.5% SDS-PAGE at 200 V for 
45 min. The gels were dried onto Whatman No. 3MM paper and autoradio- 
graphed. The topoisomerase I-related bands were quantitated by use of either 
a phosphoimager or a densitometer. The addition of protease inhibitors during 
enzyme incubation did not have any significant effect on either purified to- 
poisomerase 1 or topoisomerase I catalytic activity from tissue homogenates. 
The enzyme activity was stable at least for 1 week when tissue extracts were 
stored at -100 C C. At 4°C about 80% of the topoisomerase 1 activity was lost 
in about 2 weeks. 

Preparation of a Topoisomerase I -specific cDNA Probe. The cDNA was 
synthesized from 2 fig tola! RNA from HeLa cells using random hexamers 
and Moloney murine leukemia virus reverse transcriptase. The topoisomerase 
I-specific cDNA was amplified by polymerase chain reaction using 
CAGAATTCGACCTCGAGATCAGGATGATGTTfi and OCAAGCTTG- 
TATTTCTGCCAGTCCTTCTCACC forward and backward primers, respec- 
tively. These primers were selected from the topoisomerase I cDNA sequence 
(18) and synthesized with EcoAl and HiruMl sites. The V30-ba.se pair amplified 
cDNA was purified and cloned into EcoRllHmdin siles of pGEM3Zf (Pro- 
mega Corporation). Identity of the topoisomerase I cDNA was confirmed by 
digesting the DNA with EcoRl and HindWV to confirm its expected size, by 
sequencing 5' and 3' ends, and by determining the presence of sites for 
restriction enzymes. 

Preparation and Analysis of Poly(A)* RNA. Total RNA from human 
tissues was prepared by the guanidinium isothiocyauate method as described 
by Chirgwin r.l aL (22). Polyadenylatcd RNA was purified by three cycles of 
oligothymidyiale-cellulosc chromatography. PolytA) 1 " RNA was also isolated 
directly from tissues using the Poly(A) tract 1000 kit from Promega Corpo- 
ration. RNA was quantitated by its ahsorbaoce at 260 nm. Poly(A) 1 RNA (2 
tig/lane) was denatured at 65°C for H) min in 50% furmamidc, 6.5% formal- 
dehyde, 40 mu 3-(#-morpholino)propanesulfomc acid and 1 mM RDTA pH 
adjusted to 7.0 with acetic acid buffer and separated on a 1% agarose gel 
containing 0.74% formaldehyde. The RNA was transferred onto a Nytran 
membrane in 20X SSC overnight and immobilized by exposure of the filter to 
UV in Stratalinker UV cross-linker (Stratagene Inc.). Filters were prehybrid- 
ized in 5X Denhardt's reagent, 5X SSPE, 0.5% SDS, 50% tbrmatuide. 0.25 
mg/ml heat-denatured salmon sperm DNA at 42°C for 18 h. Hybridization was 
performed at 42°C for 48. h in IX Denhardt's reagent, 5X SSPE, 0.25% SDS, 
50% formamide, with 0.25 mg/ml salmon sperm DNA and ,2 P-lahclcd topoi- 
somerase I-specific probe (both heat denatured by boiling for 10 min). The 
fdlers were washed in the following sequence: once in 2x SSC/0.1% SDS at 
room temperature for 10 min, twice in 1 X SSC/0.1% SDS at 42°C for 15 min 
each time, twice in 0.1 X SSC/0.1% SDS at 50'C for 15 min, and finally twice 
in 0. 1 X SSC/0. 1 % SDS at 6H C C for 15 min each time. The filters were partially 
dried and exposed to X-ray film at -100°C with an intensifying screen. The 
topoisomerase I-specific probe was removed by washing the filter in 0.01 X 
SSPB/0.5% SDS at 85°C for 20 min. To normalize for loading differences, the 
same filter was hybridized with a GAPDH probe. The topoisomerase I-specific 
4.1-kilobase bands were quantitated by scanning autoradiographs with a den- 
sitometer. 



RESULTS 

Detection and Quantitation of Topoisomerase I in Human Tu- 
mors by lmmunoblotting. Human topoisomerase I is a single poly- 
peptide chain of M, 100,000 and is known to produce smaller degra- 
dation products (M, 60,000-70,000) in cell extracts because of 
proteolysis (23-25). Topoisomerase I has been purified from a variety 
of human cells (10, 23), including the human colon rumor cell line 
HT-29 (10). Therefore, throughout (his work, HT-29 cells were used as 
a standard of comparison. Topoisomerase 1 levels in matched pairs of 
human tumors and normal tissue counterparts were analyzed using an 
affinity-purified polyclonal antibody raised against peptide a (see 
"Materials and Methods"). As seen in Fig. 1, this antibody reacted 
with M t 54,000, 68,000, and 100,000 bands from normal colon and 
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Fig. 1. Analysis of topoisoiuerase I in humon anil mouse tissues by Western blot 
analysis. Protein from tissue homogenatcs (60-120 (ig) was separated by 7.5% SDS- 
PAGE nod transferred to Imniobilon-F transfer membranes. The blots were treated with 
affinity-purified anti-topoisoiBerase I pcptiile antibodies. The bands were detected with 
ll5 I-laheled Protein A. Lanes 1 and 2, nonnal colon and colon tumor; lanes 3 ond 4, benign 
prostatic hyperplasia and prostate liimur, lima 5 and 6, notoial kidney nnd kidney tumor; 
lane 7, HT-29 ceil extract; lanes 8 and 9, mouse kidney tissue homogenate and kidney 
nuclear extract, respectively. Results fur colorectal, prostate, nnd kidney tumois are for 
pi knit 7. 12, and 18, respectively. 



colon tumors, benign prostatic tissue and prostate tumor, and normal 
kidney and kidney tumors. The M, 54,000 band appeared specific to 
human tissues, because the band was almost undetectable in crude or 
nuclear extracts from mouse liver (data not shown) and mouse kidney 
(Fig. 1, Lanes 8 and 9). A variety of anti-topoisomerase I antibodies 
cross-reacted with these three bands, Le., human autoimmune sera 
containing autoantibodies against topoisomerase I from four different 
scleroderma patients, polyclonal antibodies raised against peptides b 
and c of the topoisomcra.se I molecule, and polyclonal antibodies 
raised against purified topoisomerase I from HcLa cells (data not 
shown). However, prcabsorption experiments suggested that the M r 
54,000 band is not derived from topoisomerase I but that the M t 
68,000 band is. As shown in Fig. al, preabsorption of the polyclonal 
antibodies raised against peptide a with a molar excess of peptide I 
inhibited reactivity with purified calf thymus topoisomerase I (Fig. 2, 
Lane 8 versus Lane 12) and the topoisomerase I-specific M r 68,000 
(Fig. 2, Lanes 1 and 2 versus Lanes 3 and 4 and Lane 6 versus Lane 
10) and M r 100,000 (Fig. 2, Zone 5 versus Lane 9) bands from human 
tissues and the HT-29 human colon tumor cell line (Fig. 2, Lane 7 
versus Lane 11 ) but did not inhibit reactivity with the M t 54,000 band 
in human tissues (Fig. 2, Lanes 1 and 2 versus Lanes 3 and 4 and 
Lanes 5 and 6 versus Lanes 9 and 10). Similar results were observed 
when, the polyclonal antibodies were prcabsorbed with HeLa cell 
extract topoisomerase 1 before blotting (data not shown). Preabsorp- 
tion of the autoimmune sera with HcLa cell extract topoisomerase I 
also did not inhibit reactivity with the M, 54,000 protein band (Fig. 2, 
Lane 13 versus Lane 16), while inhibiting reactivity with purified calf 
thymus topoisomerase I and topoisomerase I from HeLa cell lysate 
(compare Fig. 2, Lanes 14 and 15 with Lanes 17 and 18). Preabsorp- 
tion of antibodies raised with a peptide derived from topoisomerase 11 
had no effect (data not shown). Therefore, these results strongly 
suggest that the M< 100,000 and 68,000 bands, but not the M, 54,000 
band, from the human tumors arc, indeed, topoisomerase I. These 
observations are consistent with the M T 100,000 band being intact 
topoisomerase 1 (23-25) and the M, 68,000 band being a degradation 
product. Indeed, a M r 68,000 carboxyl-terminal fragment of topoi- 
somerase I is produced during purification from HcLa cells (23). 
Therefore, in general, peptide antibodies detected only a M T 68,000 
form of topoisomerase I in human kidney tissues (Fig. 1, Lane 5 and 
6; Fig. 2, Lanes 7 and 2) and M, 68,000 and 100,000 forms in 
colorectal and prostatic tissues (Fig. 1, Lanes 1-4). However, occa- 
sionally only the M, 68,000 band was observed in both colorectal and 



prostatic tissues (Fig. 2, Lane 6, and Fig. 3, Lane 1 for colon; data for 
prostate not shown). 

In all tumor types studied, occasionally an additional M r 48,000 
band was detected which was not present in the normal tissue coun- 
terparts (Fig. 1, Lanes 2, 4, and 6; Fig. 2, Lanes 2, 5, and 6). This band 
was also inhibited by preabsorption of antibodies with peptide I (Fig. 
2, Lane 2 versus Lane 4 and Lanes 5 and 6 versus Lanes 9 and 10), 
suggesting that the M, 48,000 protein band is also related to topoi- 
somerase I. The M r 48,000 band was also recognized by autoimmune 
serum (Fig. 3, compare Lanes 1 and 2 with Lanes 4 and 5). The 
identity of other lower molecular weight bands observed in human 
tissues and HT-29 cell extracts has not been reported, although partial 
inhibition of these bands was observed upon preabsorption of anti- 
bodies with peptide (Fig. 2, Lanes 3, 4, and 9-11). However, these 
other bands were not detected with autoimmune serum (Fig. 3, Lanes 
4-6); therefore, we believe it is unlikely that these other lower mo- 
lecular weight bands represent topoisomerase I. 

Having identified the M T 100,000, 68,000, and 48,000 bands as 
being topoisomerase I, by Western blotting, wc quantified topoisom- 
erase I levels in human colon, prostate, and kidney tumors using 
affinity-purified polyclonal antibodies raised against peptide I. As 
summarized in Tables 1 and 2 and Fig. 4, elevated levels of topoi- 
somerase I were observed in eight colorectal tumors and eight of nine 
prostate tumors. Colon tumors exhibited 5-35-fold increases in topoi- 
somerase I levels, compared to the normal colon mucosa from the 
same patient. In prostate tumors, topoisomerase I levels were 2-10- 
fold higher, compared to benign hyperplastic prostate tissue from the 
same patients. In one prostate tumor, topoisomerase I levels were Ihc 
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Fig. 2. Identification of lopnisomerase l-relatcd bands in human tumors by immuuo- 
blolting. IniuMinobtottinj; was performed as described in Fig. 1 . For preHhsorpticm, peptide 
antibodies (1:200 dilution) were first incubated with a 50-fold molar excess of peptide I 
al 4°C for 1 h before incubation with the blots. Autoimmune serum ( 1 :6000 dilution) was 
prcabsorbed with llcLa cell extract as described in "Materials and Methods." Lanes I and 
2, nonnal kidney and kidney tumor: lanes 3 and 4, normal kidney and kidney tumnr after 
preabsorption; lane 5, prostatic tumor; lane 6, colon rumor; lane 7, HT-29 cell extract; lane 
8, purified calf thymus tnpnisomcrae I; lanes 9-12, same its tunes S-R except antibodies 
were prtahsorbed with peptide; lane 13, humnn kidney tumor, lane 14, purified calf 
thymus topoisomerase I; lane 15, HeLa cell lysntes; tana 16-18, same as lanes 13-15 
except autoimmune scrum was prcabsorbed with the Hel j cell extract. Occasionally *Mr 
) (.10,000 topoisomerase I band was detected in kidney tissues. The kidney bomogenates 
used in lane 2 and lane 13 arc from different kidney tumor samples. 
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Fig. 3. Detection of topoisoincrasc I in lissuc hnmogenates by iminunoblolting using 
iiffinity-purified anli-topoisomerasc 1 peptide antibodies .-iik) autoimmune serum from 
scleroderma patients. Immunobioiiuuj was performed us described in Fig. ] . Lane I, colon 
lumoi; lane 2, prostate tumor; lam .), H't-29 extract; Irnua 4-0, same us lanes 1-3 except 
autoimmune serum (1:2000 dilution) was used instead of ami-liirxMsomerasc I |>ep|icle 
antibodies. A weak M, ItW.OOO band (lane I) detected by antipeptide antibodies, aim- 
pared to a strong M, 10u,U0U bund in laiut 4 detected by autoimmune serum, Li piohalily 
due In the high affinity of these autoimmune antibodies. 

same as in normal tissue. In contrast, eight kidney tumors did not 
exhibit any elevation of this enzyme, compared to their corresponding 
normal matched samples. Normal colorectal, prostate, and kidney 
tissues showed similar levels of topoisomerase I (Table 2), 

Quantitation of Topoisomerase I Catalytic Activity in Crude 
Extracts from Human Tumors. To determine whether the topoisom- 
erase I which is elevated in human tumor tissues is enzymatically 
active, we measured the catalytic activity of the enzyme in tumor 
tissues by a specific, sensitive, and quantitative assay based on the 
formation of a covalent cnzyme-DNA intermediate through a tyrosine 
residue on the enzyme and a 3'-phosphoryl residue at the cleavage site 
. on DNA (20). This assay has been used previously for quantitating 
topoisomerase I in nuclear extracts from cultured cells (20, 21 ) but not 
in cell or tissue extracts without first preparing nuclei. Here, we have 
adapted this assay and demonstrate that it is possible to quantitate 
topoisomerase I catalytic activity in crude extracts from human rumor 
specimens without preparing nuclei. 

We first measured topoisomerase I activity in crude extracts from 
the HT-29 human colon tumor cell line without Isolating nuclei. As 
shown in Fig. 5, an ATP-indepcndent topoisomerase l-specific band of 
M,. 84,000 was detected (Fig. S, lanes 1 and 2). This single M r 84,000 
band probably results from the degradation of the M, 100,000 band to 
the M r 68,000 form during the extraction procedure, and the M r 68,000 
band then migrates as an M, 84,000 species due to the attachment of 
a short oligonucleotide after DNase I digestion (see "Discussion"). 
Preabsorptiott of the crude extracts with polyclonal antibodies raised 
against peptide I of topoisomerase I or with scleroderma serum re- 
duced or prevented the appearance of the topoisomerase l-specific 
band (Fig. 5, Lanes 3-6), whereas preabsorplion with antibodies 
against topoisomerase II had no effect (Fig. 5, Lanes 7 and 8), sug- 
gesting that the assay can measure topoisomerase I activity directly in 
crude extracts. The total activity of tojjoisomerasc I measured in the 
crude extract from HT-29 cells was similar to that measured in nuclear 
extracts from the same number of HT-29 cells (data not shown). Using 
this approach, we detected a topoisomerase l-specific band in crude 
extracts from human colon, prostate, and kidney tumors (Fig. 6). 
Results of topoisomerase I estimation in colon, prostate, and kidney 
tumors by the n P transfer assay are summarized in Table I and Fig. 



4 for comparison with the Western blotting measurements. Compared 
to paired normal tissue, colon and prostate tumors showed 11-40- and 
4-26-fold increases, respectively, in catalytic activity of topoisomer- 
ase I. Kidney tumors did not show a significant change in catalytic 
activity, compared to their normal counterparts. In general, there was 
a good correlation between catalytic activity of the enzyme and its 
level in tumor tissue (Fig. 7). 
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Fig. 4. Topoisomerase I levels in colorectal, prostate, aud kidney tumors. Topoisi.ro- 
erast 1 levels were estimated in human tumor and matched normal' samples by Western 
blotting (O. A, □). Tire catalytic activity nf topoisomerase I iu the same samples was 
determined by the «P-traiisfer assay (•. A. *). Topuisbmerasc I levels are expressed as 
the ratio of tumor to normal values. — denotes mean values for each tumor type. In two 
kidney samples, the ratio of tumor to normal values lor catalytic activity was <1. In these 
samples the intensity of lopoisomenise l-relatcd bands in the tumors was much lower than 
in their matched normal tissues, mating it difficult to quantitate accurately. Therefore, the 
values for these two kidney tumor samples were not included in determination of a mean 
value. 
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Fig. 5. Determination of topoisomerase I catalytic activity in crude extracts from the 
HT-2M colon tumor cell litre by the "P-iransfer assay. HT-29 cell extracts were incubated 
with "*P-labeled nick-translated pBR322 DNA. "P-lateled proteins were analyzed by 
SDS-PAGF. us described in "Mnterials and Methods." Gels were dried and autnrudio- 
graphed. tartej i and 2, -2 and 4 pj of HT-29 extracts; lanes 3 and 4. IIT-29 extracts (2 
and 4 uJ) prrstbsorbed with anii-tiipuisumernse I peptide antibodies before incubation with 
nick-translated DNA; lanes 5 and 6, HT-29 extracts (2 and 4 ul) preabsorbed with 
autoimmune serum containing anli-lupirisornera.se I antibodies; lanes 7 and 8, 2 and 4 ul 
of rtT-29 extracts preabsorbed with affinity-purified anti-urpnisnmerast: II peptide poly- 
clonal antibodies; lane. 9, purified topoisomerase I from calf thymus. 
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Detection of Topoisomerase I mRNA by Northern Blot Analysis. 

To measure the steady stale levels of mRNA, we isolated poly(A) + 
RNAfrom five human colon tumors and corresponding normal colon 
mucosa (these specimens were not from the patients listed in Tables 1 
and 2). A 930-base pair DNA topoisomcrase I-specilic probe hybrid- 
ized to a single mRNA species of 4.1 kilobases. This corresponds to 
the size of the lopoisomerase 1 mRNA which has been described 
previously (18, 26). Fig. 8 is an autoradiogram of a Northern blot. 
Quantitative analysis by densitometry showed that levels of topoi- 
somcrase 1 mRNA were elevated in all five colon tumors, compared 
to the normal colon mucosa (Fig. 8; Table 3). leading differences 
were corrected for by hybridizing the filters with a GADPH cDNA 
probe (27). In addition, the gel was stained after the transfer step to 
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Fig. ft. Estimation of topoisomerase I catalytic activity ii liumau colon, prostate, and 
kidney tumors and Ihcir manhcd normal counterparts •>>' *c 3J P-transfer assay. One to 5 
u.\ of crude homogenates from tumors and their normal counterparts, containing equal 
amount of protein, were used in assays. Activity was determined as described in "Ma- 
terials and Methods" and big. A single Af, 84,000 topoisomcrase I liand was detected 
and quahtttatcd by densitometry. Luncs 1 and 2, normal colon anil colon tumor homog- 
enale: lanes 3 and 4, benign prostatic hyperplasia and prostate tumor homngenalcs; latia 
.5 and 6. normal kidney anil kidney tumor Uomogcniitc; lanr 7, 1 IT- 29 cell extract. The 
catalytic activity determined in colorectal, prostate, anil kidney tumors was for patients 2, 
12, and 18, respectively. 
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Fig, 7. Relationship between lopoisomerase I protein levels and catalytic activity. 
Topoisomerase 1 levels determined by Western blotting weic plntted against catalytic 
activity determined by the "P-transfer assay. The data arc from Table 1. O, culon tumor; 
d, prostate tumor, Q kidney tumor. 
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Fij. S. Northern hint analysis of topoisomerase 1 mkNA from normal colon and colon 
tumors. Two im polyfA)* RNAfrom normal colon and cnlon tuinois were fractionated on 
1% agarose-formaldehydc gels, transferred to Nylran menibiancs, and hybridized with the 
97IJ-bnse pair lopoisomerase I cDNA fragment as described in "Materials and Methods." 
Thc lopoisomerase 1-spcclfie bands were quantilated by densitometry. The same filter was 
hybridized with OADPH probe, to norma lute the RNA loiding differences, alter removing 
the lojmisnmcrasc probe, lanes 1 anil 3, normal colon and colon tmnor Innti one patient; 
tunes 2 and 4, normal colon and colon tumor from a second patient. 



ensure equal transfer of RNA from all lanes. These results suggest that 
increased levels of topoisomerase 1 in colon tumors might result from 
either increased transcription of the topoisomerase 1 gene or increased 
stability of mRNA in these tumors. 

Relationship between Topoisomerase 1 levels in Colorectal, 
Prostate, and Kidney Tumors and Their Staging. When the pa- 
tients' tumor samples were stratified according to their staging, there 
was no correlation between levels of lopoisomerase 1 in tumors and 
their staging (Table I). However, a larger number of samples are 
probably required to establish such a relationship. 

DISCUSSION 

Topoisomerase 1 has been identified as an intracellular target of 
camptolhecin, a plant alkaloid with anticancer activity. Various lines 
of evidence suggest that the sensitivity of cells to camptolhecin is 
directly related to the topoisomerase I content (9-11). Giovanella el 
al. (14) suggested that the topoisomcrase I levels were elevated in 
human colon adenocarcinoma, based on iramunohlotting. Wc have 
confirmed and significantly extended the findings of those investiga- 
tors. In this report we have quantitated the expression of topoisom- 
erase I at the level of catalytic activity, protein content, and mRNA 
content in surgical specimens of human colorectal, prostate, and kid- 
ney tumors and in matched normal tissue from the same patients. 
Results indicate that in tumors of the colon and prostate, but not 
kidney, topoisomerase I calalylic activity, protein expression, and 
mRNA content (colon only) were significantly elevated, compared to 
matched controls. There was a good correlation between mRNA lev- 
els, enzyme levels, and catalytic activity. However, no correlation was 
seen between levels of topoisomerase I in tumor samples and their 
staging 

To our knowledge this is the first report to utilize crude extracts and 
the quantitative 32 P-transfcr assay for determination of topoisomerase 
I catalytic activity in human tissues. This is also the first report 
wherein levels of topoisomerase 1 protein have been correlated with its 
catalytic activity in human tumor tissues. In addition to the work 
reported here, Van der Zee a al. (15) measured topoisomcrase I 
catalytic activity in human malignant ovarian tumors by a semiquan- 
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titative relaxation assay and found the activity to be 8-fotd elevated, 
compared to benign tumors of the ovary. 

Human topoisomerase i has a native molecular weight of 100,000 
but is known to readily undergo proteolysis during extraction of cells 
and tissues (23-25): Topoisomerase I levels were quantitated by West- 
ern blotting using affinity-purified peptide antibodies. In colon and 
prostate tissues M t 68,000 and 100,000 protein bands were detected, 
while in kidney only the M t 68,000 band was detected by the anti- 
bodies. In all tumor types studied an additional M, 48,000 band was 
detected occasionally which was not present in the normal tissue 
counterparts. Preabsorplion of antibodies with the topoisomerase I 
peptide antigen resulted in inhibition of the M, 48,000, 68,000, and 
100,000 bands, suggesting that all three protein bands are related to 
topoisomerase I. Thus, even though samples were prepared in buffer 
containing proteolytic inhibitors and tissues were solubilized by add- 
ing boiling SDS sample buffer, proteolysis of topoisomerase I was 
only partially preventable. Preabsorplion experiments suggest that the 
M, 54,000 band detected in all tumor types is not related to topoi- 
somerase I. 

Topoisomerase 1 catalytic activity was measured in crude extracts 
from tumor and normal tissues by a 32 P-transfer assay. Wc used this 
method because it allowed us to determine topoisomerase I catalytic 
activity in small surgical specimens without the need to prepare nu- 
clei. This method is sensitive, specific, and quantitative, in contrast to 
the semiquantitative relaxation assay used by others to estimate to- 
poisomerase I activity. A single topoisomerase I-specific band (M r 
84,000) was detected in crude extracts from HT-29 cells and from 
colon, prostate, and kidney tissues. It is possible that during extraction 
of the enzyme all of tile M r 100,000 band is cleaved to the M t 68,000 
form, even in the presence of proteolytic inhibitors. Indeed, a M, 
68,000 carboxy I -terminal fragmenLwhich retains relaxation activity 
has been detected during topoisomerase I purification from HeLa cells 
(23). Furthermorerin a few samples of colon and prostate we detected 
only the M, 68,000 band by Western blotting. Champoux (28) has 
shown that digestion of DNAby DNase I after covalcnt intermediate 
formation leaves an oligonucleotide residue approximately 17 ± 8 
nucleotides long attached to topoisomerase I, resulting in reduced 
mobility of the enzyme. This might explain the mobility shift from the 
M t 68,000 active form of the enzyme in Western blotting to the M, 
84,000 form in the 32 P-transfer assay (Fig. 6). Indeed, calf thymus 
topoisomerase I (native molecular weight, 84,000) is degraded mostly 
to the M T 68,000 form (Fig. 2, Lane 14), which then migrates as an M, 
84,000 band in the activity assay because the oligonucleotide residue 
is attached to it (Fig. 5, Lane 9). The M T 48,000 fragment occasionally 
observed in tumor tissues by Western blotting might not have catalytic 
activity, because we never observed a corresponding band in the 
catalytic activity assay. 

Quantitative analysis showed that the catalytic activity of topoi- 
somerase I was elevated in colon and prostate tumors. These results 
demonstrate that the increase in catalytic activity is due to an increase 
in the amount of the enzyme. In general, the increase in catalytic 
activity is slightly more than the increase in enzyme content. We do 
not have a full explanation for this observation. However, it has been 
shown that the M t 68,000 form of topoisomerase I from chicken RBC 
shows about 2-fold higher activity than the intact M, 100,000 form of 
the enzyme (25). In addition, it is possible that intracellular factors 
present in crude homogenales may modulate the topoisomerase I 
activity. 

Increased levels of mRNA detected in colorectal tumor samples, 
compared to normal specimens from the same patients, suggest that 
the increased topoisomerase I levels results from either increased 
transcription of the topoisomerase I gene or increased mRNA stability. 
The average increase of 13-fold in topoisomerase I mRNA leveis in 
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colorectal tumors is very close to the average 13-fold increase in 
topoisomerase I protein levels determined by Western blotting. How- 
ever, increased levels of topoisomerase I in some tumors might also be 
due to translation^ regulation or alteration of protein stability, be- 
cause mRNA and protein leveis were determined in different tumor 
samples and there was a wide range of RNA and protein levels in 
different samples. The increased transcription of the topoisomerase I 
gene observed in colorectal tumors might result from transactivation 
of the topoisomerase I gene by as yet unknown transcription factors 
through various potential regulatory transcriptional elements present 
in the promoter region of the topoisomerase I gene (29, 30). One such 
candidate might be c-fos. The c-fos gene is one of the earliest known 
genes activated in response to mitogenic stimuli (31). The 5' regula- 
tory sequences for topoisomerase I contain an AP-1 binding site (29, 
30). Therefore, c-fos might activate topoisomerase expression through 
binding to the AP-l site. This speculation is supported by the recent 
observation of Scanlon et al (32) that increased expression of c-fos in 
cisplatm-resistant cell lines is accompanied by enhanced topoisomer- 
ase I expression. 

Increases in topoisomerase I mRNA levels have been observed in 
response to partial hepatectomy in rats (33), after serum stimulation of 
resting Hel.a 299 cells (34), and after treatment of human fibroblast 
cells with phorbol 12-myristate 13-acetate (35). Infection of HeLa 
cells by adenovirus also resulted in increased topoisomerase I-specific 
mRNA (36). This increase in mRNA was not accompanied by a 
corresponding increase in topoisomerase I protein, suggesting that 
topoisomerase I protein synthesis could be regulated at both the tran- 
scriptional and translational levels. The latter results are contradictory 
to the observation of Chow and Pearson (20), who showed that in- 
creased topoisomerase activity after adenovirus infection of HeLa 
cells was due to a corresponding increase in the amount of enzyme. 

In conclusion, we have shown that topoisomerase I levels and 
catalytic activity arc elevated in human colorectal and prostate tumors, 
but not kidney tumors, probably as a result of either increased tran- 
scription or increased mRNA stability. These results and the observa- 
tion that cells overexpressing active topoisomerase I are hypersensi- 
tive to camptothecin (9) suggest that estimation of topoisomerase I in 
tumor biopsies from patients may be useful as a diagnostic tool for 
predicting the responsiveness and selective cytotoxicity of topoisom- 
erase I-dirccted drugs. Specifically, these results suggest that colorec- 
tal and prostate carcinomas may be more responsive to topoisomerase 
I-dirccted chemotherapeulic agents than carcinoma of the kidney. 
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Muscle protein degradation is thought to play a major role in muscle atrophy in cancer cachexia. To investigate the importance of the 
ubiquitin-proteasome pathway, which has been suggested to be the main degradative pathway mediating progressive protein loss in 
cachexia, the expression of mRNA for proteasome subunits C2 and C5 as well as the ubiquitin-conjugating enzyme, F2 : ., k , has been 
determined in gastrocnemius and pectoral muscles oi mice bearing the MAC 1 6 adenocarcinoma, using competitive quantitative 
reverse transcriptase polymerase chain reaction. Protein levels of proteasome subunits and E2^ k were determined by 
immunobloUing, lo ensure changes in mRNA were reflected in changes in protein expression. Muscle weights correlated lineariy 
with weight loss during the course of the study. There was a good correlation between expression of C2 and F?M k mRNA and 
protein levels in gastrocnemius muscle with increases of 6-8-fold for O and two-fold for F^m between 1 2 and 50% weight loss, 
followed by a decrease in expression at weight losses of 25-27%, although loss of muscle protein continued. In contrast expression 
of C5 mRNA only increased two-fold and was elevated similarly at all weight losses between 7.5 and 27%, Both proteasome 
functional activity, and proteasome-specific tyrosine release as a measure of total protein degradation was also maximal at 1 8-20% 
weight loss and decreased at higher weight loss. Proteasome expression in pectoral muscle followed a different pattern with increases 
in C2 and C5 and E2n k mRNA only being seen at weight losses above 17%, although muscle, loss increased progressively with 
increasing weight loss. These results suggest that activation of the ubiquitin-proteasome pathway plays a major role in protein loss in 
gastrocnemius muscle, up to 20% weight loss, but that other factors such as depression in protein synthesis may play a more 
important role at higher weight loss. 
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Loss of skeletal muscle is a prominent feature of cancer cachexia, 
resulting in. weakness, immobility and finally death. Body 
composition analysis of lung cancer patients who had lost 30% 
of their body weight revealed a 75% reduction in skeletal muscle 
mass, while visceral proteins were preserved (Fearon, 1992). Loss 
of skeletal muscle protein is thought to arise from a suppression of 
protein synthesis (Emery et al, 1984) and/or an increase in protein 
breakdown and oxidation of amino acids (O'Keefe et al, 1990). 

A number of experimental animal tumours have been developed 
to study the mechanism of muscle wasting in cachexia. In the 
murine MAC16 colon adenocarcinoma model, weight loss occurs 
with- small tumour burden (less than 0.1% of host weight), and 
without a reduction of food and water intake (Beck and Tisdale, 
1987), allowing a study of the metabolic components of cachexia. 
As in cancer patients, the major components of body weight loss in 
the MAC16 model are adipose tissue and skeletal muscle mass. 
Loss of skeletal muscle mass arises from a reduction (by 60%) in 
protein synthesis and an increase (three-fold) in protein degrada- 
tion (Beck et al, 1991). As was found in a rat model of cancer 
cachexia (Baracos et al, 1995; Llovera et al, 1997), the major 
contribution to the loss of muscle mass in mice bearing the MAC16 
tumour appears to arise from an upregulation of the ATP- 
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ubiquitin-dependent proteolytic pathway (Lorite et al, 1998), as 
reflected by increased levels of ubiquitin-conjugatcd proteins 
and increased mRNA levels for the 14kDa ubiquitin carrier 
protein, E2 and the C9 proteasome subunit in gastrocnemius 
muscle. However, as with other studies in animals this was only 
measured after weight loss had developed, and there have been no 
measurements of the expression of the major components of the 
ubiquitin-proteasome pathway at different extents of weight loss, 
or a comparison between different muscle types to understand if 
this pathway totally explains protein degradation. However, a 
study in gastric cancer patients showed an increase in expression 
of ubiquitin mRNA and proteasome activity compared with 
controls, and proteasome activity correlated both with stage of 
disease and weight loss (Bossola et al, 2003). 

The purpose of the present study was to measure changes in 
expression of the key regulatory components of the ubiquitin- 
proteasome proteolytic pathway in skeletal muscle with the 
development of cachexia in the MAC 16 model. Protein degradation 
in this model has been shown to increase progressively with 
increasing weight loss between 15 and 30%, up to a maximum 
increase of 240% at a weight loss of 30% (Smith and Tisdale, 
1993a). Expression of mRNA for E2, and the proteasome subunits 
C2 and C5, representing a and /? subunits of the proteasome 
respectively, have been determined in gastrocnemius and pectoral 
muscle by quantitative RT-PCR as a measure of the ubiquitin- 
proteasome pathway. These are considered to be representative of 
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proteasome structural and catalytic subunits indicative of protea- 
some expression. Previous studies (Lorite et al, 2001; Whitehouse 
et al, 2001) have shown that subunits of the 19S regulator change 
in concert with the proteasome a-subunit. As a measure of 
ubiquitin conjugation mRNA levels for E2 14k have been deter- 
mined, which was originally suggested to be rate-limiting for 
ubiquitin conjugation during starvation (Wing and Banville, 1994), 
although studies in E2 14k knockout mice suggest that it. is 
nonessential (Adegoke et al, 2002). However, recent data suggest 
that the ubiquitin-protein ligases (E3), muscle ring-finger 1 
(MURF1); (Bodine et al, 2001) and muscle atrophy F box 
(MAFbx)/atrogin-l (Gomes et al, 2001), may be the rate-limiting 
step in various conditions of muscle atrophy including cachexia. 

In this study, the expression of some components of the 
ubiquitin-proteasome pathway has been monitored with increa- 
sing weight loss in gastrocnemius and pectoral muscle of mice 
bearing the MAC 16 tumour, since some reports (Khal et al 2005) 
suggest that the expression of this pathway in the skeletal muscle 
of cancer patients decreases at weight losses greater than 20%. 
Measurements of protein levels of proteasome a-subunits and 
H2 uk have also been determined by immunoblottirig to ensure that 
changes in mRNA are reflected in changes in protein expression. 



MATERIALS AND METHODS 
Materials 

Mouse monoclonal antibody to 20S proteasome subunits zl, 2, 
3, 5 and 7 (clone MCP231) was purchased from Affinity Research 
Products. (Exeter, UK). Rabbit polyclonal antisera to E2 14i was a 
gift from Dr Simon Wing (McCiU University, Montreal, Canada). 
The antibody delected E2 14k as a M r 17kDa band (Rajapurohitam 
el al 1999). Goat polyclonal antiserum to MURF3 (E3) and 
peroxidase-ennjugated rabbit polyclonal antisera to goat IgG were 
purchased from Abeam Ltd (Cambridge, UK). Mouse monoclonal 
anti-PIF antibody was prepared as previously (Todorov et al, 
1996). Peroxidase-conjugated goat anti-rabbit and rabbit anti- 
mouse secondary antibodies were from I>ako Ltd (Cambridge, 
UK). 

Wizard™ mini or maxi preps, used to prepare plasmid DNA 
from overnight cultures of bacterial clones, were obtained from 
Promega (Southampton, UK), as were the T7 RNA polymerase kit, 
RNAsin inhibitor, reverse transcriptase, reverse transcription 
buffer and PCR grade magnesium chloride. Taq polymerase and 
Hybond C were from Amersham Biosciences UK Ltd (Bucks, UK), 
: TRI reagent for RNA isolation was purchased from Sigma-Aldrich 
Co-Ltd (Dorset, UK), while the oligonucleotide primers were from 
MWG Biotech (Ebersberg, Germany). RNA storage buffer was 
purchased from Ambion Ltd (Cambridgeshire, UK) and PCR 
buffer was from Roche, Swit7.crland. 



Animals 

All animal experiments have been carried out with ethical 
committee approval. The ethical guidelines that were followed 
met the standards required by the UKCCR guidelines (Workman 
ef al, 1998). 

Pure strain NMRI mice were obtained from our own inbred 
colony and were fed a rat and mouse breeding diet (Special Diet 
Services, Witham, UK). Fragments of the MAC16 colon adeno- 
carcinoma, excised from donor animals with established weight 
loss, were implanted into the flanks of NMRI mice by means of a 
trocar, as described (Beck and Tisdale, 1987). Animals started to 
lose weight approximately 10-12 days after transplantation. 
Animals were terminated at various extents of weight loss, and 
both gastrocnemius and pectoral muscles were removed, and 



immediately frozen in liquid nitrogen, and stored at -70T, before 
further analysis. 

Measurement of protein degradation ex vivo 

Gastrocnemius muscles were excised from mice bearing the 
MAC16 tumour, and with varying extents of weight loss, and 
preincubated for 45 min in 3 ml oxygenated (95% oxygen/5% 
carbon dioxide) Krebs-Henseleit bicarbonate buffer, pH 7.4, 
containing 5mmol"' glucose and 0.5mmoll 1 cycloheximide. 
Protein degradation was determined by the release of tyrosine 
(Waalkcs and Udenfriend, 1957) over a 2h period in the absence 
and presence of lactacystin (10/un). Tyrosine release, which was 
blocked in the presence of lactacystin, was considered to be 
proteasome specific. 

Measurement of proteasome activity 

The 'chymotrypsin-like' enzyme activity of the proteasome was 
measured fluorometrically as described by Orino et al (1991), 
Muscles were removed from animals with varying degrees of 
weight loss and homogenized with a teflon glass homogenizer in 
20 mM Tris-HCl, pH 7.5, 2 nun ATP, 5 mM MgCl 2 and 1 mtn DTT on 
ice at 4'C. The homogenate was further, dissociated by sonication 
at 4°C, and the sonicate was then centrifuged at 18 000 g for 1 0 min, 
and the supernatant was used to measure enzyme activity by the 
release of aminomethylcoumarin (AMC) from succinyl-LLVY-AMC. 
The reaction was performed for I h at room temperature in 100 mM 
Tris. HCJ, pH 8.0, and was terminated by the addilion of 80 mM 
sodium acetate, pH 4.3. The fluorescence of AMC was determined 
with an excitation wavelength of 360 nm and an emission 
wavelength of 460 nm. The reaction was performed in the presence 
and absence of the specific proteasome inhibitor lactacystin, and 
only lactacystin supprcssible activity was considered to be 
proteasome specific. The activity was adjusted for the protein 
concentration of the sample, determined using the Bradford assay 
(Sigma Aldridge, Dorset, UK). 

Quantitative RT-PCR 

Iota] RNA was extracted from muscle using TRI-reagent and 
the RNA concentration was determined from the absorbance at 
. 260 nm. To quantitate the mRNA of interest, increasing amounts of 
competitor RNA, which differed from the mRNA of interest by 
containing a short deletion, were added to 250 ng of total RNA and 
coamplified using RT-PCR. The amount of specific mRNA was 
calculated from the amount of competitor, when equal amounts of 
PCR product were obtained from the competitor and target RNA. 

The C2 proteasome subunil mRNA was amplified using die 
primer pairs: 5'-CGCACGGAGTGCTGGTTGCAC-3' (forward) and 
5'-GTACGAGCTGATTGAGAACGG-3' (reverse) and corresponds 
to positions 1 76-187 and 531-552 bp. The competitor primer was 
designed to produce a DNA fragment containing a 76-bp deletion 
by producing a loop in the DNA during the PCR amplification 
process. The sequence of this primer was 5'-GTACGAGCTGATT 
GAGAACGGCATAACCAGCAATGAGCAGCC-3', which corre- 
sponds to the reverse complement of bases 561-552 and 435- 
455 of the mouse C2 gene. The competitor product was 309 bp. The 
C5 proteasome mRNA was obtained from the mouse gene using 
the primer pairs: S'-TCAACGGAGGTACTGTATTGG-3' and 5'- 
G CATG G C ACTTGCTG AGCC-3' at positions 101-121 and 496- 
514bp. The competitor primer was designed 117bp upstream of 
the reverse primer producing a product 277 bp long. The sequence 
of this primer was . 5'-GCATGGCACTTGCTGAGCCGCATGG 
CACTTGCTGAGCC-3', which corresponds to the reverse comple- 
ment of bases 496-514 and 358 - 377 of the mouse C5 gene. The 
E2 I1k competitor was obtained from the rat gene using the primer 
pairs: 5'-CTCATGCGGGATTTCAAGCG-3' and 5'-CTCTTCTCA 
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TACTCCCGTTTGCAT-3'. The competitor primer contained a 
1 1 1 bp deletion and the sequence was 5'-CICTi"CTCATACTCCC 
GTTGCATCGCTTCTGCAGGATGTC, which corresponds to the 
reverse complement of bases -113 -468 and 312-321 of the rat gene. 
The competitor DNAs were blunt ended and then ligated into a 
pET30a vector, which had been blunt-end cut with Smal restriction 
enzyme. The ligated vector was used to transform DH5a competent 
cells. Plasmid DNA was prepared from PCR positive clones using 
Wizard-mini-prep. Competitor RNA was produced using T7 RNA 
polymerase kit, and quantitated using the optical density at 
260 nm. Six serial two-fold dilutions were prepared containing 
known concentrations of competitor. The particular dilutions used 
were selected to span the selected concentration of C2, C5 and 
E2i4it in the sample. 

To synthesise the cDNA template, a mixture consisting of 250 ng 
target RNA, the particular dilution of the competitor RNA and 
0.5 /ig of random hexamer was incubated at 70'C for 5min in a 
thermal cycler (Genetic Research, Instrumentation Ltd, Essex, UK) 
and then chilled on ice before the addition of 2.5 /d 5 x reverse 
transcription buffer, 3//1 of lOmM each of dATP, dGTP, dCTP, 
dTTP, 5 units of RNAsin inhibitor and 1 unit reverse transcriptase 
in a total volume of 12.5 /tl. Incubation was at 37"C for 1 h. For the 
amplification of the cDNA by PCR, 50 /d of PCR mix was added to 
each tube. The PCR mixture contained 1 x PCR bttffer (without ' 
magnesium) together with 3mM MgCl 2 (E2), 3.5 mM MgCl 2 (C5) 
and 2.5 mM MgCl 2 (C2) together with I U Taq polymerase, tor the 
E2 gene lOpmol of each of the primers 5'-CTC ATGCGG G ATTT 
CAAGCG-3' and 5'-CTCTrCTCATACTCCCGTlTG-3' were used, 
while for- the C5 gene lOpmol of each of the primers 5'- 
TCAACGGAGGTACTGTATTGG-3' and 5'-GCATGGCACTTGCT 
GAGCC-3' were used. For the C2 gene, 20pmol of each of the 
primers 5'-CGCACGCAGTGCTGGTTGCAC-3' and 5'-GTACGAG 
CTGATTGAGAACGG-3' were used. The temperature-cycling 
profile for amplification was as follows: 95' : C for 2min for one 
cyclefollowed by 95 C C for 30 s, 58"C annealing for 1 mm and 72°C 
extension for 1 min for 30 cycles. Control reactions containing all 
components except reverse transcriptase and another without 
template were carried out alongside each experiment to show that 
the RNA (both target and competitor) had no DNA contamination, 
while the second control showed that there was no contamination 
in the PCR mixture. Coamplification of E2 target and competitor 
produced DNA fragments of 395 and 284-bp, respectively; C2 
target and competitor produced 385 and 309-bp fragments and 
C5 target and competitor produced 414 and 297-bp fragments, 
respectively. 

For analysis of results, 15 //I of PCR products were separated on 
a 2% (wv ') agarose gel containing ethidium bromide. The gel 
images were visualised on a UV Iransilluminator and photo- 
graphed. The intensity of the bands was quantitated using a 
Phorctix photo-imagcr programme. The volumes of the competitor 
and target bands were plotted against the known serial dilutions of 
the competitor used in the experiment The amount of the sample 
RNA corresponds to the amount of competitor when the ratio of 
competitor to target is 1.0. 

Western blot analysis 

Cytosolic protein (5 fig for E2 and 20S proteasome a-subunits) was 
resolved on 10% sodium dodecylsulphate, polyacrylamide gels. 
Proteins were then transferred to nitrocellulose membranes 
(Hybond C), which had been blocked with 5% Marvel in Tris 
buffered saline (TBS) at 4'C overnight. The primary and secondary 
antibodies, peroxidase conjugated either rabbit anti-goat, goat 
anti-rabbit or rabbit anti-mouse lgG, were used at a 1:1500 
dilution. Incubation was for 1 h at room temperature and 
development was by enhanced chemiluminescence (ECI.) (Amersham). 
Blots were scanned by a densitometer to quantitate differences, 
and a parallel gel was stained by coomassie blue stain to ensure 



equal loading. The intensity of bands was quantitated using 
'Phoretix ID Advanced' software as above. 



Statistical analysis 

Results were expressed as means + s.e.m. of three separate 
determinations on different animals. Differences were determined 
by one-way analysis of variance (ANOVA) followed by Tukey- 
Kramer multiple comparison test. P-values less than 0.05 were 
considered to be significant. 



RESULTS 

The effect of increasing weight loss on expression of C2 and C5 
mRNA as well as 20S proteasome a-subunit prolcin levels, delected 
by Western blotting, and gastrocnemius muscle weights of mice 
bearing the MAC16 tumour is shown in Figure 1. Although the 
monoclonal antibody to the 20S proteasome reacts with six 
different a-type subunits, only three bands were apparent ai 
approximate M r 29, 32 and 35kDa (Whitehouse et al, 2001) 
(Figure 1A). There was a good correlation between expression of 
C2 mRNA (Figure 1C) and proteasome protein (Figure IB), with a 
6-8-fold increase in C2 mRNA with increasing weight loss from 
12%, reaching a maximum at 15-20% weight loss. Although C2 
mRNA expression at 25-27% weight loss was significantly 
enhanced above that found in animals without weight loss 
(Figure 1C), it was significantly decreased (P<0.05) compared 
with animals exhibiting 20% weight loss. In contrast, expression of 
C5 mRNA was significantly increased (by two-fold) at all weight 
losses (Figure ID), with no significant difference between animals 
with 7.5% weight loss and those with 27% weight loss. Gastro- 
cnemius muscle weight was directly proportional to total body 
weight loss, showing progressive loss of skeletal muscle as the. 
cachexia progresses (Figure IE). Proteasome functional activity in 
gastrocnemius muscle as determined by the 'chymotrypsin-like' 
enzyme activity, the dominant catalytic activity of the /?-subunits 
of the proteasome, was found to follow a similar change with 
weight loss as expression of protein and mRNA of proteasome a- 
subunits, with an initial increase with weight loss up to 20% 
followed by a decrease at higher weight loss (Figure IF). 

. The effect of progressive weight loss on the expression of the 
ubiquitin conjugating protein £2 in gastrocnemius muscle 
followed a similar pattern to that observed with proteasome 
a-subunits (Figure 2). Thus, expression of E2 mRNA was increased 
two-fold in gastrocnemius muscle of mice with 12% weight loss 
and remained elevated up. to 20% weight loss (Figure 2C). The 
expression of E2 mRNA in gastrocnemius muscle of mice with 
25 and 27% weight loss was not significantly different from that 
in mice without weight loss (Figure 2C). The expression of E2 Mk 
protein, detected by Western blotting, followed a similar pattern 
reaching maximal expression at 15-17% weight loss (Figure 2A, 
B). Proteasome-specific protein degradation in gastrocnemius 
muscle, determined by the release of tyrosine in the presence of the 
specific proteasome inhibitor lactacystin (Fenteany and Schreiber, 
1998), also peaked between 17 and 20% weight loss and then 
decreased at higher weight loss (Figure 2D). These results suggest 
that the ubiquitin-proteasome proteolytic pathway plays a minor 
role in the degradation of proteins in gastrocnemius muscle at 
weight loss greater than 20%. 

Proteasome functional activity in pectoral muscle followed a 
similar pattern to that found in gastrocnemius muscle (Figure 3A) 
peaking at weight loss between 18 and 22%. Expression of mRNA 
for the catalytic 0 subunit (C5) also peaked at weight loss between 
17 and 25% with a decrease at higher weight loss (Figure 3B). 
However, expression of mRNA for the proteasome a-subunit C2 
(Figure 3C) as well as protein expression of a-subunits (Figure 3D 
and E) increased with increasing weight loss with no evidence for a 
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Figure I (A) Expression of 20S proteasome a-subunits in soluble 
fractions of gastrocnemius muscles of mice bearing the MAC 1 6 tumour and 
with different extents of weight loss, as detected by immunoblotting. (B) 
Densitometry analysis of band intensities in (A) reported in arbitary units. 
(C) Expression of C2 mRNA and (D) expression of C5 mRNA in 
gastrocnemius muscle from mice with different extents of weight loss. 
Differences from animals without weight loss are expressed as a, P<0.05, 
n, P<0.0l and c, < 0.00 1. (E) Relationship between weight of 
gastrocnemius muscle and percentage weighL loss. (F) Proteasome 
proteolytic activity, as measured by the 'chymotrypsin-like' enzyme activity, 
in gastrocnemius muscle of mice with different extents of weight loss. The 
symbols for significance are. the same as in (D). 



maximum. As with gastrocnemius muscle there was a linear 
correlation between pectoral, muscle weight and total body weight 
loss (Figure 3F). Expression of E2 mRNA was little changed with 
increase in weight loss in pectoral muscle (Figure 4), with a 
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Figure 2 (A) Expression of t2 Hk in soluble extracts of gastrocnemius 
muscles from mice bearing the MAC 1 6 tumour and with different extents 
of weight loss, as detected by immunoblotting. (B) Densitometry analysis 
of band intensities in (A) reported in arbrtary units. (C) txpression of E2 
mRNA in gastrocnemius muscle from mice with different extends of weight 
loss. (D) Total protein degradation, as measured by tyrosine release, in 
gastrocnemius muscle of mice with different extents of weight loss. The 
figures represent protein degradation inhibited by lactacystin (I0/<m). 
Diircrtint.es from animals without weight loss are expressed as b, P<0.0l 
ore, P< 0.001. 



significant increase in expression only being seen in animals with 
27% weight loss. This suggests that E2 may not be a rate-limiting 
step in proteasome proteolysis in this muscle. 



DISCUSSION 

Skeletal muscle contains multiple proteolytic pathways for 
intracellular protein catabolism. Of these, the lysosomal system, 
including cathepsins B, D and H, is mainly concerned with the 
digestion of extracellular proteins, although some cytosolic 
proteins are engulfed in autophagic vacuoles that fuse with 
lysosomes and are degraded (Dice, 1990). The cytosolic calcium- 
activated pathway (calpains) appears to play an important role in 
tissue injury, necrosis and autolysis (Lecker et al, 1999). These two 
processes have been suggested to contribute less than 15-20% 
towards total protein breakdown in muscle (Attaix 'el al, 1998; 
Lecker et al, 1999) and do not breakdown myofibrillar proteins 
(Lovell et al, 1986). However, the calcium/calpain pathway has 
been suggested to release myofilaments from the sarcomere in an 
early and perhaps rate-limiting component of the catabolic 
response in muscle (Hassclgren and Fischer, 2001). Further 
catabolism of the actin and myosin released from the myofilaments 
is considered to occur' via the ubiquitin-proteasome proteolytic 
pathway. 
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Figure 3 (A) Proteasome proteolytic activity, as measured by the 
'chyinotrypsin-like' enzyme activity, in pectoral muscle of mice bearing the 
MAC 1 6 tumour and with different extents of weight bis. (B) Expression of 
C5 mRNA and (C) expression of C2 mRNA in pectoral muscle from 
cachectic mice bearing the MAC 1 6 tumour. (D) Expression of 20S 
proteasome a-subunits, determined by immunoblotting, in soluble extracts 
of pectoral muscle from mice bearing the MAC 1 6 tumour and different 
extents of weight loss. (E) Densitometric analysis of band intensities in (D). 
Differences from animals without weight loss are expressed as a, P<0.05, 
b, P < 0.0 1 and C <0.00l. (F) Relationship between weight of pectoral 
muscle and percentage weight loss. 



In this process, substrates are marked for degradation through 
the attachment of apolyubiquitin chain by a series of enzymatic 
steps mediated by the ubiquitin-activating enzyme (£1), the 
ubiquitin-conjugating enzyme (E2) and the ubiquitin -protein 
ligases (E3) (Lecker et al, 1999). The polyubiquilinaled substrate 
then enters the proteolytic chamber of the 26S proteasome, where 
it is unfolded and cleaved to short oligopeptides having mean 
lengths of 6-9 residues (Kisselev et al, 1999). The proteasome is a 
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Figure 4 (A) expression of Qm in soluble extracts of pectoral muscle 
from mice bearing the. MAC 1 6 tumour and different extents of weight loss, 
detected by immtinobloiting. (B) Densitomclric analysis of band intensities 
in (A) reported in arbitary units. (C) Expression of E2 mRNA in pectoral 
musde of mice with different extents of mice loss. Differences from animals 
without weight loss are expressed as a, P< 0.0S. 



tube-like structure appearing as a stack of four rings; two outer 
a-rings and two inner /?-rings in order of a/?/?a (Lecker el al, 1999). 
Proteolytic activity is found on the ^-subunits of the proteasome. 

Most studies in cancer patients with weight loss of 10% or 
higher have suggested that the ubiquitin-proteasome pathway 
in skeletal muscle shows an increased expression and activity 
(Williams et al, 1999; Bossola et al, 2003). However, a study of lung 
cancer patients referred for curative resection and with a weight 
loss of only 2.9% showed no increase in expression of components 
of the ubiquitin-proteasome pathway, * while mRNA levels of 
cathepsin B in skeletal muscle were much higher (Jagoe ct al, 
2002).. This suggests that activation of the ubiquitin-proteasome 
pathway may only occur when weight loss becomes substantial, 
although Bossola et al (2001) reported an increase in ubiquitin 
mRNA in skeletal muscle of patients when the weight loss was only 
5.6+4.9%. 

In this study, we have measured the expression of one a (C2) 
and one /f-subunit (C5) of the proteasome during the progression 
of loss of gastrocnemius and pectoral muscle in the murine MAC16 
cachexia model, as a representative of proteasome structure and 
function. We chose these genes since protein breakdown in cancer 
cachexia has been suggested to require increased gene expression 
of proteasome subunits (Temparis et al, 1994) and mRNA levels 
for proteasome subunits C2 and C5 were found to be increased in 
extensor digitorum longus (F.DL) muscles of rats starved for 2 
days, as well as in soleus muscles undergoing denervation atrophy 
(Medina et al, 1 995). In addition, we have measured expression of 
mRNA for the ubiquitin-conjugating enzyme (E2, 4k ). Expression 
of mRNA has been quantitated using RT-competitive PGR, which 
is based on competitive eoamplificalion of the specific target 
sequence with an internal standard sharing primer recognition 
sites in one reaction tube (Auboeuf and Vidal, 1997). Quantitation 
can then be performed by comparing die PCR signals of the 
specific template with those obtained with known concentrations 
of the competitor. Protein expression has also been determined by 
immunoblotting, since it has been suggested that in various 
cells elevated concentrations of mRNA of proteasome subunits 
were not found to be accompanied by increased concentrations of 

© 7005 Cancer Research UK 
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Figure 5 (A) Expression of PiF in urinary extracts of mice bearing the 
MAC 1 6 tumour. Urine (2tril) was treated with ammonium sulphate (80% 
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recovered by cerrtrifugation at 3000 g for 30min, dialysed against water 
using an Amicon filtration" cell arid 15 /ig was used for immunoblotting using 
anti-PIF monoclonal antibody. (B) Dcnsilometric analysis of the band 
intensities in (A) reported in arbitary units. 



proteasomes (Kanayama et al, 1991; Shimbara et al, 1992). We 
have also measured protein expression of E2| 4k . 

Using this approach, we have demonstrated a correlation 
between increases in mRNA and.protein expression of proteasome 
* subunits in both gastrocnemius and pectoral muscle. We have 
also demonstrated a correlation between £2 mRNA and protein 
levels, although this was less strongly correlated with muscle 
weight, suggesting that it was not rate-limiting for proteasome 
proteolysis as might be predicted (Adegokc et al, 2002). 
Proteasome expression and activity in both pectoral and gastro- 
cnemius muscles increased progressively with increasing weight 
loss up to about 20% followed by a decrease at higher weight loss, 
except for C2 mRNA in pectoralis muscle, which remained 
elevated. There was also a decrease in E2 expression at weight 
losses greater than 20%. Proteasome specific total protein 
degradation in gastrocnemius muscle, as determined by tyrosine 
release in the presence of lactacystin, also peaked at 18-20% 
weight loss and then decreased. A similar rise and fall of the 
ubiquitin-proteasome pathway was observed in psoas muscle of 
alloxan-induced diabetic rabbits (Galban et al, 2001). Thus, the 
activity increased 3 and 5 days after diabetes induction, but fell 
down to control values by day 7, and thereafter decreased below 
control. In pectoral muscle, both mRNA and protein for 
proteasome a-subunits tended to increase with increasing weight 
loss, suggesting a lack of coordination between synthesis of or and /? 
subunits. We have previously shown (Smith and Tisdale, 1993a) 
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that total body nitrogen and the nitrogen content of gastrocnemius 
muscle decreases with increasing weight loss in mice bearing the 
MAC16 tumour. The protein content of skeletal muscle is a balance 
between the rate of protein synthesis and the rate of degradation. 
Protein synthesis is depressed in muscle of weight-losing mice 
bearing the MAC16 tumour, and this reduction in protein 
synthesis may be the major factor contributing to loss of protein 
at weight losses greater than 20%. 

Using the release of tyrosine as a measure of muscle protein 
degradation breakdown to detect serum factors from the MAC16 
tumour that increase protein degradation, activity was found to 
increase with increasing weight loss up to 20%, and with further 
weight loss the activity was found to fall to a value not significantly 
different from that found in animals without weight loss (Smith 
and Tisdale, 1993b). This circulatory factor has now been isolated 
and identified (Todorov et al, 1996) and shown to be a sulphaled 
glycoprotein of Af r 24 kDa called proteolysis factor (PIF), which 
induces an increased expression of bodi proteasome subunits and 
E2 in gastrocnemius muscle (Lorite et al, 2001). Proteolysis factor 
has been shown to be responsible for the loss of skeletal muscle in 
cachectic mice (Lorite et al, 1998). Using Western blotting to 
detect urinary PIF in mice bearing the MAC16 tumour, excretion 
levels were found to be maximal at weight loss between 20 and 22% 
(Figure 5). This pattern parallels changes in expression of 
proteasome subunits in both gastrocnemius and pectoral muscle 
suggesting that PIF is responsible for the upregulation of die 
ubiquitin-proteasome pathway. Expression of C2 and C5 mRNA in 
rectus abdominis muscle of cachectic cancer patients was also 
found to be maximal at a weight loss of 12 - 1 9% (Khal et al, 2005). 
The rate of muscle catabolisra, as measured by phenylalanine 
release, in a rat model of cachexia was also highest at small tumour 
burdens and decreased as the tumour grew larger (de Blaauv et al, 
1997). This appeared to be caused by the loss of capacity of the 
tumour to further break down muscle. The reason for this is not 
known, but it may be that as the tumour grows and becomes 
necrotic cells capable of synthesizing PIF are lost. Alternatively, the 
tumour microenvironment may not be conducive to the synthesis 
of a highly glycosylated peptide. 

The mechanism for the loss of protein in gastrocnemius muscle 
at weight losses greater than 20% requires further investigation, 
but the lack of bioactivity of serum from mice bearing the MAC16 
tumour at weight losses of 20-25% (Smith and Tisdale, 1993b) 
suggests that a circulatory factor is not responsible for the protein 
degradation, and the present results suggest that the ubiquitin- 
proteasome pathway alone cannot account for the high level of 
protein breakdown. This suggests that depression of protein 
synthesis may be more important than an increase in protein 
degradation at high weight loss. 
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An increased high-mobility group A2 expression level is associated 
with malignant phenotype in pancreatic exocrine tissue 
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N Abe*' 1 , T Watanabe 2 , Y Suzuki', N Matsumoto 1 , T Masaki', T Mori 1 , M Sugiyama', G Chiappetta 3 , A Fusco 4 
and Y Atomi 1 

'first Department of Surgery, Kyorin University School of Medicine. 6-20-2. SNnhnv/a, Milako. Tokyo 181-861 i. Japan; 'Department of Clinical 
Pathology. Kyorin Unwers/r/ School of Medicine. 6-20-1, Shinkawa. Mkaka. Tokyo 181-861 i. Japan: 'Insihuio Nazionale dti Tumori Fondazione Senawie 
Paxalz. via M Scmmoic, Naples 80131, Italy, *Dipaitimento di Bioiogia e Powlogia Cellulare e Molecolare. do Centra di Endoainologfo ed Oncolc%io 
Spenrnentale del CNR. Universito di Nopoli 'Federico II', via Pcnsni, 5, Naples 80131. Italy 



f he aitcrcc form of the high-mobility group A2 (HMGA2) gene is somehow related to the generation of human benign and 
malignant tumour* of mesenchymal origin. However, only a few data on the expression of HMGA2 in malignant tumour originating 
from epithelial tissue are available. In this study, we examined the HMGA2 expression level in pancreatic carcinoma, and investigated 
whether alterations in the HMGA2 expression level are associated with a malignant phenotype in pancneatic tissue. High-mobility 
group A2 mRNA and protein expression was determined in eight surgically resected specimens of non-neoplastic tissue (six 
specimens of normal pancreatic tissue and two of chronic pancreatitis tissue) and 27 pancreatic carcinomas by highly sensitive reverse 
transcriptase polymerase chain reaction (RT PCR) techniques and immunohistochemical staining, respectively. Reverse 
transcriptase polymerase chain reaction analysis revealed the expression of the HMGA2 gene in non neoplastic pancreatic tissue, 
although its expression level was significantly lower than that in carcinoma. Immunohistochemical analysis indicated that the presence 
of the HMGA2 gene in non-neoplastic pancneatic tissue observed in RT-PCR reflects its abundant expression in islet cells, together 
with its focal expression in duct epithelial cells. Intense and multifocal or diliuse HMGA2 immunoreaclivity was noted in all the 
pancreatic carcinoma examined. A strong correlation between I IMGA2 ovcrcxprcssion and the diagnosis of carcinoma was 
statistically verified. Based on these findings, we propose that an increased expression level of the HMGA2 protein is closely 
associated with the malignant phenotype in the pancreatic exocrine system, and accordingly, HMGA2 could serve as a potential 
diagnostic molecular marker for distinguishing pancreatic malignant cells from non-neoplastic pancreatic exocrine cells. 
British journal of Cancer (2003) 89, 2104 - 21 09. doi: 1 0. 1 038/sj.bjc.660 1 39 1 www.bjcancer.com 
© 2003 Cancer Research UK 

Keywords: HMGA2; pancreatic cancer; RT-PCR immunostaining 



The high-inobility group A (HMGA) family of proteins in 
mammals is composed of four proteins: HMGAla, HMGAlb, 
HMGA lc, 'and IIMGA2. The former three proteins are encoded by 
a single functional gene, that is, HMGA1 (formerly HMGI(Y)), 
while the last one is a product of a separate gene, that is, HMGA2 
(formerly HMGI-C) (Manfioletti ef al, 1991; Johnson et al, 1998). 
High-mobility group A2 has an approximately 50% amino-acid 
sequence homology with HMGA1, and features an internal 11 
amino-acid deletion that characterises HMGA! (Manfioletti et al, 
1991; Tallini and Dal Cin, 1999). High-mobility group A2 proteins 
bind to the minor groove of AT-rich DNA sequences, thereby 
inducing a bend within the UNA (Thanos and Maniatis, 1992). 
They cannot initiate transcription; but they can enhance promotor 
binding of transcription factors (Thanos and Maniatis, 1992; 
Grosschedl et al, 1994; Mantovani et aU 1998). 

High-mobility -group A2 has been shown to be expressed 
abundantly during embryogenesis, but its expression is either 
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undetectable or remains at low levels in other normal adult tissues 
(Manfiolclri et al, 1991; Zhou et al, 1995; Rogalla et al, 1996; 
Rommel el al, 1997; Hirning-Folz et al, 1998), suggesting that 
HMGA2 plays an important role (or roles) in cell proliferation and/ 
or differentiation. Consistent with this, it has been demonstrated 
that HMGA proteins are phosphorylated in a cell-cycle-dependent 
manner (Reeves et al, 1991). Functionally, knocking out the 
HMGA2 gene in mice leads to the pygmy phenotype with 
characteristic hypoplasia of mesenchymal tissue, thereby confirm- 
ing the important role(s) of HMGA2 in mammalian growth and 
development (Zhou et al, 1995). 

The altered form of the HMGA2 gene, on the other hand, could 
somehow be related to the generation of human benign und 
malignant tumours. Rearrangements of the HMGA2 gene, for 
example, have been frequently observed in benign tumours of 
mesenchymal origin (Ashar et al, 1995; Schoenmarkers et al, 1995). 
In such cases, the gene rearrangements were the consequence of 
chromosomal translocation involving regions 12ql3- 15, where the 
HMGA2 gene is located. The HMGA2 modifications consist of the 
loss of the carboxyl-terminal tail and its fusion with ectopic 
sequences (Ashar ef al, 1995; Schoenmarkers et al, 1995). The 
truncation of HMGA2, rather than its fusion with other genes, has 
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also been shown to be responsible for cell transformation (Fedele 
et at, 1998). This was confirmed in transgenic mice carrying a 
truncated HMGA2, which developed a giant phenotype together 
with a marked expansion of (he retroperitoneal and subcutaneous 
white adipose tissues (Battista el al, 1999; Arlotta et al, 2000). 
Interestingly, most of these tumours related to the alteration in 
HMGA2 are of nonepithelial origin. In contrast, only a few data on 
the expression of HMGA2 in human malignant tumour originating 
from epithelial tissue are available (Rogalla et al, 1997). The 
overexpression of HMGA2 mRNA has been shown lo be closely 
associated with high histologic grade in breast cancer (Rogalla et al, 
1997), suggesting that the expression level of the HMGA2 protein/ 
gene could be a potential clinicopathological marker with 
prognostic implications for a wide range of cancers. To test this 
possibility, we examined the HMGA2 expression in pancreatic 
cancers in the present study, and investigated whether alterations 
. in HMGA2 are associated with the malignant phenotype of 
tumours in pancreatic tissue. To this end, HMGA2 mRNA 
expression was first analysed by highly sensitive reverse tran- 
scriptase-polymerase chain reaction (RT-PCR) techniques. Im- 
munohistochemical detection of HMGA2 protein using a specific 
antibody was also attempted. Although relatively simple and easy 
to perform, immunohistnehemistry is a potential method of 
examining whether the expression of a certain protein is specific 
to tumour cells, because it allows precise correlation of the protein 
expression with the phenotype of the cells on individual cell basis 
(Abe et al, 2000). In this sense, immunohistochemistry can provide 
more useful information than other assays by which proteins and/ 
or mRNAs are extracted from • tumours; possibly including a 
mixture of proteins from normal and irrelevant cells such as acinar 
cells or islet cells of the pancreas in the analysis (Abe et al, 2000). 
Based on the above considerations, we determined HMGA2 
protein expression immunohistochemicaUy on surgically resected 
specimens, -normal pancreatic tissue, chronic pancreatitis tissue, 
and carcinomas of the pancreas. 



MATERIALS AND METHODS 
Tissue samples 

The tissue samples were obtained at the time of surgery at the First 
.Department of Surgery, Kyorin University Hospital, between 
October 1996 and August 2001. Specimens from 27 pancreatic 

. carcinomas (20 primary carcinomas, four liver metastases, two 
peritoneal metastases, and one lymph node metastasis) and eight 

:. non-neoplastic tissues (six normal pancreatic and two chronic 
pancreatitis tissues) were obtained. In all, 27 carcinomas were 

; histologically diagnosed as 1 2 well-differentiated tubular adeno- 

; carcinomas, six moderately differentiated tubular adenocarcino- 
mas, seven poorly differentiated tubular adenocarcinomas, and 

• two adenosquamous carcinomas (they were evaluated histologi- 
cally according to the criteria of the Japan Pancreas Society). 

. Normal pancreatic tissues were obtained from either patients who 
have undergone pancreatectomy due to pancreatic neoplasms or 
th ose with gastric cancer who have undergone pancreatectomy for 
lymph node dissection. In either case, specimens were obtained 

. from a macroscopically healthy region distinct from the neoplastic 
lesion. All patients gave their informed consent prior to their 
inclusion in the study. Among the samples, those from 17 
pancreatic carcinomas and six non-neoplastic pancreatic tissues 

' were frozen on dry ice immediately after surgical resection for 
molecular investigation (RT-PCR), and stored at -80"C until use. 
All the tissue specimens were fixed for immunohistochemical 
analysis as soon as possible after surgical resection in 4% 
paraformaldehyde in phosphate-buffered saline (PBS) at 4°C for 
14 h, followed by cryoprolection in a graded concentration series 
of sucrose in PBS. The specimens were then embedded in the OCT 
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compound, frozen, and stored at -80"C until analysis. All the 
tissue specimens were histologically examined and pathological 
diagnoses were confirmed. 



RT-PCR analysis 

Reverse transcriptase-polymerase chain reaction for the HMGA2 
expression was performed using a hemiuested PCR technique as 
described previously (Rogalla et al, 1996; Rommel er al, 1997). 
Total RNA was extracted by a modified guanidine thiocyanate 
method as described previously (Miyatani et al, 1986). cDNA was 
synthesised using the adapter primer (AP) AAG GAT CCG TCG 
ACA TC (T)17 and Superscript II reverse transcriptase (Gibco 
BRL, Gaithersburg, MD, USA). Por the first and second rounds of 
the heminested PCR, the same lower primer (Rev) 5'-TCC TCC 
TGA GCA GGC TTC-3' (exon 4/5) was used. The forward primer 
5'-CTT CAG CCC AGG GAC AAC-3' (exon 1) and the nested 
primer 5' -CAT CGC CTC AGA ACA GAC GAC-3' (exon 1) were 
used as upper primers. The PCR amplifications were both 
performed for 30 cycles (1 min at 9i°C, 1 min at 53 , C and 2min 
at 72'C). As a control reaction for intact RNA and cDNA, PCR 
amplification of the cDNA of the housekeeping gene 0-actin was 
performed for all samples to exclude false-negative PCR results. 
Only those samples positive for /?-actin were used for this study. 
The resulting PCR products were clearly visualised by gel 
electrophoresis on a 2% agarose-gel stained with ethidium 
bromide as bands at 220 base pairs (bp) for HMGA2 and at 
1 54 bp for /?-aciin (Figure 1). The resulting bands were sequenced 
and their sequences were found to be identical to that of HMGA2. 



Immunohistochemical analysis 

Immunohistochemical examinations were performed by the 
avidin-biotin complex immunoperoxidase technique using an 
Avidin-Biotinylated Enzyme Complex kit (Vector Laboratories, 
Inc. CA, USA) as described previously (Abe et al, 1999, 2000, 2002).. 
The HMGA2 protein expression was immunohistochemicaUy 
analysed on surgically resected specimens, together with four 
pancreatic cancer, cell lines (PANC-I, MIA PaCa-2, BxPC-3, and 
AsPc-1) using HMGA2-specific antibodies, raised in rabbit against 
the recombinant HMGA2 protein (Rerlingieri et al, 1995). In brief, 
frozen sections 5 (5 m thick) were prepared, transferred onto poly- 
L-lysine-coated slides, air-dried, and then washed in PBS, followed 
by quenching of endogeneous peroxidase activity with 0.3% 
hydrogen peroxide in methanol. After further rinsing with PBS, 
the sections were incubated with normal goat serum for 20 min at 
room temperature to block nonspecific binding, and then 
incubated with the primary anri-HMGA2 antibody (1 : 100 dilu- 
tion) 14h at 4°C. After another wash in 0.2% Triton X in PBS, the 
sections were further incubated with biotinylated anti-rabbit IgG 
for 30 min al room temperature, followed by washes in 0.2% Triton 
X in PBS. After the addition of streptavidin-biotin-conjugated 
peroxidase and incubation for 30 min at room temperature, the 
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Figure I Keverse transcriptase polymerase; chain reaction products of 
HMGA2 after gel elec.trophort.-sis and ethidium bromide staining. Results 
show specific 220-bp bands. 1 31 , UNA molecular weight marker; lane I. 
positive control (hepatoma cell line HEP313, which is known lo express high 
level of HMGA2):.ane 2. normal pancreas; lane 3, chronic pancrca lit is; lane 
4- 1 1, pancreatic carcinomas. 
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sections were washed in 0.2% Triton X in PBS, and then the 
localisation of the HMGA2 protein was visualised by incubating 
the sections with 3,3 / -diaminobenzidine. The slides were connter- 
stained with Mayer's haemaloxylin, dehydrated in a graded alcohol 
scries, cleared in xylene, and mounted. Negative control staining 
was carried out by replacing the primary antibody with normal 
rabbit serum under the same experimental conditions. The 
immunostained slides were evaluated microscopically by a single 
investigator (NA) according to the criteria published previously 
(Abe et al, 1999, 2000) without prior knowledge of the clinical data 
for each case. The percentage of HMGA2-positive cells was scored 
by counting approximately 300-1000 tumour cells in three 
randomly selected fields (Abe et al, 1999, 2000, 2002). The 
immunohistochemical evaluation was considered positive when 
the HMGA2 nuclear immunoreactivity was detected in more than 
20% of the cells according to the criteria published previously (Abe 
et al, 1999, 2000). 



RESULTS 

Expression of HMGA2 mRNA determined by RT-PCR 

Among the six non-neoplastic tissue samples, five, including three 
normal tissues and two. chronic pancreatitis tissues, gave rise to 
detectable HMGA2 bands, while. one normal tissue sample showed 
no detectable HMGA2 band. The signal intensities of the HMGA2 
band in chronic pancreatitis tissue samples were almost equivalent 
to those observed in the normal tissue samples. All the 17 samples 
of pancreatic carcinomas also Showed HMGA2 bands by RT-PCR 
. (Figure 1, Table 1). When the signal intensities of these HMGA2 
bands were compared between non-neoplastic and carcinoma 
samples, the latter showed at least, several fold more intense band 
than the former (Figure 1). Thus, an increased expression level of 
the HMGA2 mRNA is a distinct feature of pancreatic carcinoma. 

Expression of HMGA2 protein determined by 
immunohistochem istry 

To. determine whether the altered HMGA2 mRNA expression 
observed in pancreatic carcinoma is associated with alterations in 
protein expression, we analysed the expression of the HMGA2 
protein by immunohistochemistry. Its expression was first 
analysed in four pancreatic cancer cell lines. Intense multifocal 
or diffuse HMGA2 nuclear immunoreactivity was characteristically 
observed in these cell lines (Figures 2A-D). In both normal 
pancreas and chronic pancreatitis tissues, acinar cells did not 
exhibit any detectable HMGA2 immunoreactivity, however, a small 
proportion of duct epithelial cells showed faint HMGA2 immunor- 
eactivity (Figure 3A). On the other hand, in the endocrine region, 
islet cells showed intense and diffuse HMGA2 immunoreactivity 



Table I HMGA2 expression in pancreatic carcinoma 



Histological type 
of pancreatic 
specimens 


No. of positive 
sped men s/no. 
of specimens 
analysed by 
RT-PCR ' 


No. of positive* 
specimens/no. 
of specimens analysed by 
immunohistochemistry 


Nonneoffetir. 'issue 






Normal pancreas • .. 


3/4 (75%) 


0/6 (0%) 


Chronic pancreatitis 


2/2 (100%) 


0/2 (0%) 


Duct cell carcinoma 


17/17 (100*) 


?7/77(IOO») 



*The inimunostiiined slide*, wer e scored as positive for immunohistochemistry when 
HMGA7 nuclear immimotejcliviiy was detected in more than 20% of tlis cells in :.he 
exocrine region. 



(Figures 3B and F). In these cells, although HMGA2 immunor- 
eactiviry was localised mainly in the nuclei, faint staining was also 
observed within the cytoplasm. These results clearly indicated that 
the presence of the MMGA2 gene in non-neoplastic pancreatic 
tissue observed in the RT - PCJR analysis reflects its expression in 
islet, cells, together with its focal expression in duct epithelial cells. 
No significant difference in inimunohistochemical findings was 
found between normal tissues and chronic pancreatitis tissues. 
When the expression of the HMGA2 protein in surgical specimens 
of carcinomas was then analysed, multifocaily or diffusely 
distributed intense HMGA2 immunoreactivity was noted in all 
the pancreatic carcinoma specimens examined (Figures 3C-F). 
Intense nuclear staining was characteristically observed in the 
carcinoma cells. High-mobility group A2-positive carcinoma cells 
were observed regardless of llie degree of differentiation (well/ 
moderately or poorly differentiated tubular adenocarcinoma), 
histology type (tubular adenocarcinoma or adenosquamous 
carcinoma), or tumour site (primary or metastatic site). A strong 
correlation between HMGA2 overexpression and the diagnosis of 
carcinoma was noted (Fisher's exact probability, P< 0.0001, 
Table 1). 



DISCUSSION 

To evaluate the association between HMGA2 expression and the 
pathological diagnosis of pancreatic carcinoma, we investigated 
the expression of HMGA2 gene/protein in duct cell carcinoma and 
non-neoplastic tissue of the pancreas. High-mobility group A2 
expression has been shown to be undetectable or to remain al low 
levels in normal adult tissues (Manfioletti ef al, 1991; Zhou et al, 
1995; Rogalla et al, 1996; Rommel et al, 1997; Hirning-Folz el al, 
1998; Gartas ef al, 1999). In the present study, however, a highly 
sensitive RT-PCR analysis revealed the expression of the HMGA2 
gene in non-neoplastic pancreatic tissue, although its expression 
level was significantly lower than that in carcinoma. Immunohis- 
tochemical analysis indicated that the presence of the HMGA2 
gene in non-neoplastic pancreatic tissue observed in the RT - PCR 
analysis reflects its abundant expression in islet cells together with 
its focal expression in duct epithelial cells, Thus, this study showed 
that the HMGA2 gene or protein is present even in normal 
pancreatic tissue. In HMGA2 immunohistochemical analysis, while 
only a small proportion of duct epithelial ceils in the non- 
neoplastic tissue specimens showed HMGA2 immunoreactivity, a 
significantly higher proportion of carcinoma cells showed intense 
staining. In fact, a strong correlation between HMGA2 over- 
expression and the diagnosis of carcinoma was statistically 
verified. These findings indicate that an increased expression level 
of the HMGA2 protein is closely associated with the malignant 
phenorype in the pancreatic exocrine system, and accordingly, 
HMGA2 could serve as a potential diagnostic molecular marker for 
distinguishing pancreatic malignant cells from non-neoplastic 
pancreatic exocrine cells. A possible application of the results of 
the present study would be the determination of the HMGA2 gene 
and/or protein expression level in pancreatic juice collected at the 
time of endoscopic retrograde pancreatography. Using a sensitive 
and quantitative method such as competitive RT-PCR or 
immunoassay, the detection of even a small number of cancer 
cells could well be expected. 

In order to evaluate the biological significance of the present 
results, it would be essentia] to understand the mechanisms by 
which the HMGA2 gene is involved in tumorigencsis, which 
unfortunately remain largely unclear. A clue to this issue was, 
however, provided by a recent report that transgenic mice carrying 
the HMGA2 gene developed pituitary adenomas (Fedele et al, 
2002). These findings indicate that the high HMGA2 expression 
level has a critical role in neoplastic transformation of cells. 
Another clue was also demonstrated when antisen.se HMGA2 RNA 
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Figure 2 Immiinohistochemical demonstration of the HMGA2 protein expression in pancreatic cancer cell lines. (A) AsPC-'l (Mayer's hematoxylin: 
original magnification x 200). (B) PANC-I (Mayer's haematoxytin: original magnification x 200). (C) MIA PaCa-2 (Mayers haematoxyfin: original 
magnification x 100). (D) BxPC-3 (Mayer's haematoxylin; original magnification x200). Intense multifocal or diffuse HMGA2 nuclear immunoreartvity 
: (brown colour) was characteristically observed in cancer cells. 
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y'was shown to prevent retrovirally induced neoplastic transforma- 
; tion of rat thyroid cells, in vitro (Berlingieri et al, 1995). The 
. interaction between HMGA2 and the AP-1 transcriptional complex 
is considered to be responsible for the activation of genes whose 
•expressions are associated with carcinogenesis (Vallone el al, 

■ 1997), since thyroid neoplastic transformation is associated with a 
..drastic increase in AP-1 activity. This AP-1 activity is blocked by 
/suppressing HMGA protein synthesis in vitro (Battista et al, 1998). 

The absence or decreased AP-1 transcriptional activity, which is 
: directly or indirectly regulated by HMGA proteins, would inhibit 
the expression of AP-1 -dependent genes, such as those of vascular 

■ endothelial growth factor (VEGF), coUagenase I (matrix metallo- 
proteinase-1; MMP-1), and stromelisin (MMP-3), which are 
essential for neoplastic transformation of cells (Vallone et al, 
1997). In fact, significant downregulations of these mRNA 
expression levels were demonstrated in the retrovirally infected 

; thyroid cell lines expressing the antisense HMGA2 (Vallone er al, 
. 1997). Considering that the overexpression of the AP-1 (Tessari 
er al, 1999; Meggiato et al, 2003), VF.GF (Sco ef al, 2000). MMP-1 
(Tto ef al, 1999), and MMP-3 (Bramhall et al, 1996) has been 
demonstrated in human pancreatic cancer, together with our 
results, the interactions among these molecules may play an 
important role in pancreatic neoplastic transformation in vivo, 
Further studies, including the determination of expression levels of 
these molecules in tissue samples, have yet to be carried out to 
further clarify this issue. Conversely, the HMGA2 gene has recendy 



been shown not to be necessary for the malignant transformation 
of thyroid cells in vivo (Scala et ah 2001). This was demonstrated 
by comparing the frequency of radiation or papilloma virus E7 
gene-induced thyroid carcinomas in mice carrying disrupted 
HMGA2 (pygmy mice) and that in mice carrying wild-type 
HMGA2 (Scala et al, 2001). Pygmy mice developed thyroid 
carcinomas with the same frequency as wild-type mice and 
furthermore, these two carcinomas generated in different mice 
showed no significant macroscopic and microscopic differences, 
indicating that HMGA2 is not sufficient for in vivo malignant 
transformation of thyroid cells (Scala er al, 2001). Several 
hypotheses could be considered to explain the discrepancy with 
the previous in vitro data, showing that HMGA2 is required for v- 
mos- and c-ras-Ki-induced cell transformations. One possible 
explanation would be that HMGA1, rather than HMGA2, may be 
required for thyroid cell transformation. This hypothesis is 
supported by the evidence that adenovirus carrying the HMGA1 
gene in an antisense orientation induces programmed cell death in 
carcinoma cell lines derived from human thyroid, lung, colon, and 
breast cancers (Scala et al, 2000). We previously demonstrated that 
human pancreatic carcinoma expresses high HMGA1 levels (Abe 
et al, 2000, 2002), indicating that both HMGA2 and HMGA1 are 
overexpressed in this lesion. The expression of only one of the 
HMGA genes may be sufficient lo lead epithelial cells of the 
pancreatic duct to exhibit the malignant phenotype. Further 
studies, such as the generation of HMGAl-knockout mice and 
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Figure 3 Imrnunohistochemical demonstration of the HMGA2 protein expression in surgically resected specimens of non neoplastic pancreatic tissues 
and pancreatic carcinomas. (A) Non-neoplastic epithelial cells of the main pancreatic duct. A small proportion of duct epithelial cells show HMGA2 
immunoreactivity (arrows). (Mayer's haematoxylin; original magnification x 200). (B) Epithellai celis of branch pancreatic dud. and islets in chronic 
pancreatitis tissue. Islet cells showed intense and diffuse HMGA2 immunoreactivity (arrows), while epithelial cells of the branch pancreatic duct did not 
exhibit any detectable I IMGA2 immunorcacLivily (arrowhead) (Mayer's haemalcxyiin; original magnification x 100). (C) Primary pancreatic carcinoma 
exhibiting weli-riifferentiated tubular adenocarcinoma (Mayer's haematoxylin; original magnification x 200). (D) Primary pancreatic carcinoma exhibiting 
adenosquamous carcinoma (Mayer's haematoxylin; original magnification x 200). (E) Metastatic lesion in the liver (Mayer's haematoxylin: original 
magnification x 200). Intense and multifocal or diffuse HMGA2 immunortactivity was rioted in all the pancreatic carcinomas (C-E). (F) Section including 
both carcinoma cells and islet cells (Mayer's liaematoxylin; original magnification x 200). Islet cells showed intense and diffuse HMGA2 immunoreatlivHy 
(anx>ws), which was almost equivalent to that observed in carcinoma cells (arrowheads). 

subsequent analysis of their susceptibility to developing malig- In conclusion, this study has clearly demonstrated that an 
nancies, need to be carried out in order lo clarify the role of a increased expression level of the HMGA2 gene/prolein is closely 
single HMGA gene in carcinogenesis in a wide variety of epithelial associated with the malignant phenotype in pancreatic exocrine 
tissues. tissue, suggesting that HMGA2 could play a vital role in 
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tumorigenesis in the pancreatic exocrine system. The strong 
correlation between HMGA2 overexpression and the histological 
diagnosis of carcinoma indicates that the determination of the 
expression level of HMGA2 can be of great value in the diagnosis 
of pancreatic neoplasms. 
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ABSTRACT 

Purpose: Regulation of calcium ion homeostasis has a significant role in smooth muscle 
contractility. The sarcoplasmic endoplasmic reticulum, calcium, magnesium, adenosine triphos- 
phatase (SERCA) is a regulatory ion pump that may have a role in the functional outcome after 
outlet obstruction. We investigate what correlation if any existed between SERCA protein and 
gene expression, and the contractile properties in the same bladder. 

Materials and Methods: Standardized partial bladder outlet obstructions were created in adult 
New Zealand white rabbits, which were divided into control, sham operated and obstructed 
groups. Muscle strip studies subcategorized the obstructed group into compensated (force greater 
than 50% of control) and decompensated (force less than 50% of control). Microsomal membrane 
and total RNA fractions were prepared from the same bladder tissue. Membrane proteins were 
used for Western blot analysis using a SERCA specific monoclonal antibody, and total RNA was 
assessed with Northern blot analysis. 

Results: The relative intensities of signals for the Western and Northern blots demonstrated a 
strong correlation between protein and gene expression. Furthermore there was a strong asso- 
ciation between the loss of SERCA messenger RNA and protein expression and loss of bladder 
function. / 

Conclusions: Bladder contractility after outlet obstruction is influenced in part by smooth 
muscle cell ability to maintain calcium homeostasis via SERCA. The loss of SERCA protein 
expression is mediated by down-regulation in gene expression in the same bladder. These data 
suggest that smooth muscle ion pump gene expression is in part mechanically (pressure work) 

Key Words: bladder, rabbits, ca(2+)-transporting atpase 



Partial bladder outlet obstruction in human and animal 
models results in numerous changes in the detrusor. Al- 
though in humans the degree, duration and cause of obstruc- 
tion vary from individual to individual, in animal models we 
have the advantage of creating the same degree of obstruc- 
tion in each and studying the bladder at defined time points. 
In human studies it is known that the detrusor may accom- 
modate to an imposed obstruction and continue to empty, 
albeit with higher pressures and increased work, which may 
be considered a compensatory response. Sullivan and Yalla 
observed in older patients with benign prostate hyperplasia a 
point when no further compensation occurs and decompen- 
sation sets in manifested as a loss of detrusor reserve, which 
is the difference between maximal isometric pressure and 
maximal voiding pressure.* Clinically this loss of detrusor 
reserve correlated with increases in residual urine, and exact 
reasons why some bladders adapt to an equally imposed 
workload and others do not remain unknown. 

Despite standardized approaches to creating experimental 
partial outlet obstruction, some bladders adapt to the im- 
posed workload and others do not. 2 Some have advocated 
primary myogenic failure as the primary reason for this 
decompensation, and others claim that the muscle itself is 
unchanged and that large accumulations of extracellular ma- 
trix alone account for the less effective bladder emptying." 
Evidence has also accumulated to suggest that bladder wall 

Supported by National Institutes of Health Grants P50DK52620, 
K12DK12-02196 and DFG931/1-1, and the Leonard and Madlyxl 
Abramson Chair in Pediatric Urology. 



hypoxia 4 may be an etiological factor as well as injury to the 
nerves in the bladder wall. 4 

The function of the detrusor smooth muscle depends on 
many factors, including the calcium sequestration and re- 
lease system. 9 Detrusor contractility depends on the interac- 
tion of the contractile proteins actin and myosin following 
phosphorylation of myosin light chain. This phosphorylation 
by myosin light chain kinase is triggered by a phasic increase 
in intracellular-free calcium concentration. This transient 
increase in cytosolic free calcium is mediated by extracellular 
influx via ion channels in the plasma membrane and release 
from intracellular storage sites. Intracellular calcium storage 
sites were first described in bladder smooth muscle by 
Mostwin, 7 and have been shown to change with normal de- 
velopment" and outlet obstruction. 8 

The sarcoplasmic endoplasmic reticulum, calcium, magne- 
sium, adenosine triphosphatase (SERCA) is an ion pump, 
which is responsible for maintaining normal intracellular cal- 
cium gradients. SERCA functions by pumping 2 mol. of calcium 
ions into the sarcoplasmic reticulum storage sites per moL of 
adenosine triphosphate expended. SERCA was first character- 
ized by MacLennan in striated muscle. 9 Monoclonal antibodies 
were developed against the isofonns. 10 Three isoforms exist 
that are the products of alternative splicing, 11 and the rabbit 
gastric smooth muscle SERCA2 gene has been cloned. 1213 

In patients with congestive heart failure leading to trans- 
plantation a loss of SERCA activity was observed, 14 ' 16 and 
similar findings were seen in experimental models of aortic 
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stenosis. 16 - 17 In addition to initiating muscle contractility, 
calcium has a pivotal role in other cellular functions, such as 
exocytoais, endocytosis, and protein synthesis and assembly. 
It has been established that calcium ion dysregulation is a 
central feature of the cellular injury process, which may 
result in fibrosis or apoptosis. 18 We investigated the relation- 
ship between SERCA protein and gene expression, and cor- 
related this with the contractile properties in the same 
bladder. 



MATERIAL AND METHODS 

Operative procedure. All studies were performed in 
4-month-old, male New Zealand white rabbits and were ap- 
proved by the Children's Hospital of Philadelphia animal use 
committee. After sedation with 35 mg./kg. ketamine and 5 
mg./kg. xylazine intravenous administration of sodium pen- 
tobarbital (thiopental sodium) was used to induce deep an- 
esthesia. After inserting an 8Fr catheter into the bladder via 
the urethra, which were handled as little as possible, the 
bladder neck was exposed through a small vertical abdomi- 
nal incision. Once the ureters and vas deferens were identi- 
fied, a 2-zcro silk suture was placed below the bladder neck 
with a straight Keith needle. Mobilization of the perivesical 
fat was reduced to a minimum, and no right angle clamps 
were used during dissection. To maximize standardization of 
the partial outlet obstruction a second 8Fr catheter was 
placed outside the urethra, and the silk suture was tied 
around both catheters, which were then removed. In the 
sham operated group the silk suture was cut and removed 
after an identical dissection. All operations were performed 
by the same investigator (R. S.). 

Tissue procurement. After 7, 14 «nd 28 days deep anesthe- 
sia was induced, and the bladders wore excised through the 
same, midline incision, blotted dry with paper towels and 
weighed. The bladder trigone was removed and the mucosa 
was peeled away leaving tne detrusor muscle with the at- 
tached serosa. 

Smooth muscle physiology and bladder classification. Three 
0.2 X 0.2 x 1 cm. muscle strips were prepared and the remain- 
ing detrusor muscle was immediately transferred for storage in 
liquid nitrogen. The muscle strips were attached by a 4-zero silk 
suture to a post in a 5 ml. tissue organ bath at 1 end and an 
isometric force transducer at the other end. The transducer was 
calibrated with known weights, and its output was directed to a 
polygraph. The tissue organ baths were maintained at 37C and 
contained Tyrode's solution (125 mM. sodium chloride, 2.7 mM. 
potassium chloride, 1.8 mM. calcium chloride, 0.5 mM. magne- 
sium chloride, 23.8 mM. sodium bicarbonate, 0.4 mM. sodium 
phosphoric acid and 5.6 mM. glucose) perfused by a bubbled 
mixture of 95% oxygen and 5% carbon dioxide. After equilibra- 
tion for 30 minutes at slack length the strips were gradually 
stretched to the length where optimal force is generated. Peak 
tensions were measured in response to field stimulation (32 Hz. 
and 80 V.), high potassium chloride containing solution (127 
mM. potassium chloride, 1.8 mM., calcium chloride, 0.5 mM. 
magnesium chloride, 23.8 mM. sodium bicarbonate, 0.4 mM. 
sodium phosphoric acid and 5.6 mM. glucose) and direct cholin- 
ergic stimulation (200 funol. bethanechol chloride). After com- 
pletion of the experiments the muscle between the 2 silk su- 
tures was weighed. All results are expressed in gm. tension per 
100 mg. tissue. 

Rabbits were divided into control (no operation), sham 
operated and obstructed groups. Muscle strip studies subcat- 
egorized the obstructed group of bladders into compensated 
(force more than 50% of control developed at cholinergic 
stimulation) and decompensated (force less than 50% of con- 
trol). All results are presented using these definitions. 

Protein, RNA and DNA probe preparation. Individual de- 
trusor smooth muscle samples were split into 2 fractions, 
with 1 used for isolation of membrane proteins and the other 



used for RNA. This procedure allowed for the correlation of 
protein and gene expression in the same bladder with known 
contractile properties. The frozen detrusor muscle was 
minced by scissors on ice followed by homogenization in a 10 
mM. sodium bicarbonate TRIZMA* buffer (15 mUl gm. tis- 
sue) containing protease inhibitor cocktail (100 plJgm. 
tissue). Homogenization was followed by low speed centrifii- 
gation (25 minutes with 1,600 X gravity at 4C). The resulting 
supernatant was centrifuged for 35 minutes at 8,600 x grav- 
ity at 4C and was then ultracentrifuged at 93,000 X gravity 
for 120 minutes at 4C. Membrane pellets were suspended in 
the aforementioned buffer and stored at -80C until use. 
Determination of the total protein content was done accord- 
ing to a modification of the Lowry method. ,9 - 20 

For total RNA isolation frozen tissue was ground in a 
mortar and pestle in liquid nitrogen, 100 mg. frozen powder 
were added to a prechilled glass tube on dry ice, 2.0 ml. 
TRIZOLt reagent were added and the tissue was homoge- 
nized. The sample was then placed at room temperature for 
5 minutes to permit complete dissociation of nucleoprotein 
complexes. The homogenate was aliquoted into 2 equal 1 ml. 
volumes, 0.2 ml. chloroform was added and centrifugatdon 
was performed at 11,000 X gravity for 15 minutes at 4C. The 
colorless upper aqueous phase containing RNA was trans- 
ferred into a fresh tube and an equal volume of isopropyl 
alcohol was added. After centrifugation at 12,000 X gravity 
for 15 minutes at 2C the RNA precipitate formed a gel-like 
pellet on the bottom of the tube and the supernatant was 
removed. RNA was washed in 75% alcohol, precipitated, air- 
dried for 20 minutes and dissolved in 60 to 100 pi. DEPC 
water. Isolated RNA was quantified spectrophotometricaUy 
and its quality was assessed by loading 2 to 4 pg. RNA 
sample containing 0.5 og. etridium bromide in a lane of a 
native 1.0% agarose gel in 0.5 x tris-borate-edetic acid 
buffer. Strong, high quality ribosomal bands of equal inten- 
sity and no degradation were observed for all samples. 

An 800 bp SERCA2 probe was cut from the Bluescript 
plasraid by EcoR I and separated from the vector by agarose 
gel electrophoresis. The 800 bp probe was electro-el uted from 
the gel and its size was checked with agarose gel electro- 
phoresis. Then 50 to 80 ng. of the probe were labeled using 
DNA labeling beads (deoxycytidine triphosphate) and iso- 
lated by ProbeQuant G-50 Micro Column.:}: 

Western blot. The membrane fraction was dissolved in 6% 
sodium dodecyl sulfate, 50 mM. dithiothreitol, 10 mM. eth- 
ylenediamine tetraacctic acid, 0.83 mM. benzamide, 0.23 
mM. phenylmethylsulfonylfluoride, 1 mM. lodoacetamide, 
0.5 M. sucrose and 130 mM. TRIZMA base adjusted to pH 6.8 
and heated at 100C for 5 minutes. A standard gel electro- 
phoresis with 4.0% polyacrylamide stacking gel, 7.5% poly- 
acrylamide separating gel and 20 p%. membrane protein per 
lane was performed at 110 V. until the tracking dye reached 
the bottom. The running buffer was 0.025 M. TRIZMA base, 
0.192 M. glycine and 10% sodium dodecyl sulfate (SDS), 
adjusted to pH 8.3. Gels were removed and proteins were 
blotted on to nitrocellulose membranes using a transfer sys- 
tem at 60 V. overnight at 4C. Transfer buffer consisted of 
0.025 M. TRIZMA base, 0.192 M. glycine and 20% methanol. 
The membrane was then immersed in 10% nonfat milk in 
phosphate buffered saline containing 1.85 mM. sodium 
biphosphate, 8.39 mM. disodium phosphate and 150 mM. 
sodium chloride, adjusted to pH 7.4 for 1 hour. The mem- 
brane was then washed 4 times at 10 minutes each with 
phosphate buffered saline and Tween (0.3%). 

The mouse SERCA2 monoclonal antibody was diluted 
1:1,000 in phosphate buffered saline containing 0.1% 0.77 
mM. sodium azide, 0.1% NP-40 and 3% bovine albumin frac- 



* Sigma Chemical Co., St. Louis, Mifseouri. 

t Life Technologies, Rockville, Maryland. 

$ Amersham Pharmacia Biotach, Arlington Heights, Illinois. 
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tion, and was incubated with the membrane overnight at 4C. 
The membrane was washed 5 times with phosphate buffered 
saline with 0.3% Tween, and incubated for 1V£ hours at room 
temperature with horseradish peroxidase labeled goat anti- 
mouse IgG antibody diluted 1:10,000 in phosphate buffered 
saline containing 0.1% nitrogen phosphorus-40. After dis- 
carding the antibody solution, the membrane was washed 5 
times in phosphate buffered saline and Tween buffer, and 
was incubated for 1 minute in chemiluminescence Western 
blotting detection reagents. Membranes were placed in a 
cassette and x-ray film was developed to show the bands. 
Correlation was made with known molecular weight stan- 
dards. 

Northern blot. We mixed 15 /ig. total RNA with 4X volume 
sample loading buffer, consisting of 62.5% deionized form- 
amide, 1.14 M. formaldehyde, 1.25X MESA buffer, 200 jig-/ 
ml. bromophenol blue and 20 )xg./ml. EtBr, incubated it in a 
boiling water bath for 10 minutes and then transferred it to 
ice for 2 minutes. Equal amounts of 15 pg. x total RNA were 
loaded into wells in a 1.0% agarose gel containing 0.66 M. 
formaldehyde and lx MESA buffer, and subjected to electro- 
phoresis. A 0.24 to 9.5 kb. RNA ladder was used as molecular 
weight standards. After electrophoresis RNA was trans- 
ferred by capillary transfer from gel to nylon membrane 
overnight using 10X saline, sodium, phosphate, ethylenedia- 
minetetraacetic acid buffer as the transfer buffer. RNA was 
immobilized on the membrane by ultraviolet irradiation. The 
nylon membrane was placed in a roller bottle, 10 ml. of 
hybridization solution were added and the bottle was incu- 
bated at 68C for 30 minuteB. The labeled probe was added to 
100 jud./ml. sonicated salmon sperm DNA solution, mixed 
with prehybridization solution, and continued to roll and 
incubate for 90 minutes at 68C. This process was followed by 
3 washes for 20 minutes at room temperature with 160 ml. 
2x saline/sodium citrate buffer and 0.1% sodium dodecyl 
sulfate wash solution. Two washes for 45 minutes at 60C 
with O.lx saline/sodium. citrate buffer and 0.1% SDS were 
performed for high stringency conditions. The membrane 
was exposed to x-ray film for 36 to 120 hours at -80C. The 
results shown are. with the RS87 clone, which is directed 
against the 3-inch end of the messager (m)RNA. 

Densitometry for Western blots was done on each blot 
using commercial software. On each Western blot 20 jug. from 
1 or 2 control bladders were loaded. The intensity of each 
band at 110 kD. was normalized to the band of the control 
bladders on the same blot, which was set for 100%. If 2 
control bladders were investigated on 1 blot the average 
intensity was set to 100%. For Northern blots the SERCA 
band was quantified by densitometry and normalized to the 
18S band with the ratio for the control bladders set for 100%. 
For statistics the 2-sided t test was performed, and p <0.05 
was considered significant. 

RESULTS 

Results (mean plus or minus standard error of mean) of 
bladder weight and contractile responses to several stimuli, 
including electrical field stimulation, high potassium chlo- 
ride and bethanechol are summarized in table 1. When re- 
sults of outlet obstruction in this rabbit population were 



analyzed as a function of time the effects of obstruction on 
contractile performance were uniform at 1, 2 and 4 weeks. At 
each time point 1 of 3 bladders had maintained a reasonable 
degree of contractile performance and 2 of 3 demonstrated 
poor performance. For this reason we subdivided the ob- 
structed bladders into the 2 categories of compensated (con- 
tractile force more than 50% of control) and decompensated 
(contractile force less than 50% of control). 

For the Western blot SERCA protein expression was de- 
termined in 10 control, 7 sham operated, 10 compensated and 
10 decompensated bladders. Band intensity was normalized 
to the control group on each blot, and there was a significant 
decrease in the decompensated group as determined by scan- 
ning densitometry. For the Northern blot SERCA gene ex- 
pression was determined in 3 control, 5 sham operated, 6 
compensated and 5 decompensated bladders. In the same 
bladders the protein expression was also determined, and 
band intensity was normalized to the control group. A direct 
comparison between the Western and Northern blots from 
the same bladders revealed a correlation between the expres- 
sion of SERCA mRNA and protein expression (see figure). 
SERCA protein and mRNA expression were significantly 
lower in the decompensated group (table 2). 

DISCUSSION 

The fate of the bladder following partial bladder outlet 
obstruction has been extensively studied and reviewed. 21-2 - 1 
There exists a bewildering array of models, species and ex- 
perimental results not all of which are in agreement. A com- 
mon theme to all of these studies is that a true bladder 
obstruction produces an increase in bladder mass. 6 - 21 ' 2 *- 26 
What remains controversial is how much the physical prop- 
erties of the bladder change and to which bladder wall frac- 
tion these physiological alterations may be attributed. The 
extent to which bladder contractile performance waB affected 
varied among studies. Some have argued that the muscle 
fraction in the bladder undergoes minimal hypertrophy and 
that any changes in contractility are a function of the smooth 
muscle density in the collagen. Cher et al further bolstered 
this argument by showing that in a series of obstructions 
there were no changes in the percentage of myosin light 
chain phosphorylation. 3 They concluded that the muscle it- 
self is unchanged and that the altered contractile perfor- 
mance of the bladder wall may be explained by increased or 
decreased matrix deposition. 

In our prior series 2 as well as the current series we re- 
ported significant alterations in the contractile properties of 
the bladder wall using a muscle strip analysis. It could be 
argued that the loss of contractile force in our series of 
obstructions represents a loss of muscle fraction in the blad- 
der smooth muscle due to an accumulation of the matrix 
component. However, to account for the full decrease in con- 
tractile performance muscle content of the tissue would have 
to decrease 5-fold. In our histological and immunohistochem- 
ical studies of these bladders we have seen no such dramatic 
changes in the muscle fraction. 

The lack of change in myosin light chain phosphorylation is 
also cited as evidence that the muscle is unaffected by ob 1 
struction. However, Gerthoffer reported that in trachealis 



TABLE 1. Bladder weights and responses to field stimulation, potassium chloride solution and clxolinergic stimulation with bethanecol 



Control 



Sham Control 



Compensated 



Decompensated 



No. 

Bladder wt (gin.) 

Mean gm. tension/100 mj. field stimulation (SEM) 
Mean gm. tension/100 mg. potassium chloride (SEM) 
Mean gm. tension/100 mg. bethanechol (SEM) 



10 
2.0 (0.1) 
23.4 (2.9) 
24.8(2.1) 
32.8 (3.6) 



10 
2.3 (0.4) 
24.2 (3.7) 
24.1(3.6) 
35.2 (4.1) 



Field stimulation was 32 Hz., 80 V.; potassium chloride 127 mM., and bethanechol 200 pmol. 

* p <0.05 versus control and Bham groups. 

t p <0.05 compensated versus docompansatcd groups. 



14 

4.4(0.4)* 
17.9(4.5)* 
16 (2.9)* 
25.9(3.5)* 



23 

9* (0.64)*, t 
1.1 (0.3)*t 
2£ (0.4)*, t 
6.6 (0.7)\t 
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Control Sham Compensated Decompensated 

Western blot analysis in 2 control, 1 sham, 2 compensated and 2 decompensated bladders using 20 jig- protein for each line. Band appears 
at 110 kD. Lower panel shows Northern blot from same bladders using 15 jxg. RNA per lino. 



TABUi 2. Relative intensity of the Western and Northern blots compared to the control bladders 



Control 



Sham Control 



Compensated 



Western blot; 
, No. 

Mean intensity ± SEM 
Northern blot: 
No. 

Mean intensity ± SEM 



10 
10O+2 

3 

100 + 18 



7 

95 ± 9 



7 

72 ± 8 



10 
70 + 6* 

10 
65 + 11 



Decompensated 
10 

41 ± 3*,t 
10 

40 .+ 6»,t 



* Control or sham groups versus decompensated group p <0.05. 
t Decompensated versus compensated group p <0.06. 



smooth muscle the myosin light chain phosphorylation was 
unchanged at 70% following stimulation, yet the force devel- 
oped by these same smooth muRcle stripe was proportional to 
the calcium concentration in the buffers. 27 These data would 
suggest that in smooth muscle the cytosolic calcium transient 
can affect force generation despite an identical percentage of 
myosin light chain phosphorylation. The loss of sarcoplasmic 
reticulum could lead to alterations in the calcium transients 
and alter force generation. The experiments of Gerthoffer in 
trachealis smooth muscle will be repeated in the bladder to 
help resolve this controversy. However, it is clear that the 
greatest loss of SERCA expression is seen in bladders with 
the worst contractile performance in the muscle strip studies. 
This evidence implies that there is a loss of the sarcoplasmic 
reticulum and the intracellular calcium regulatory mecha- 
nisms are perturbed. The accompanying pattern of gene ex- 
pression would suggest that the loss of SERCA is mediated 
by a transcriptional mechanism. 

We have also shown that identical outlet obstructions re- 
sult in bladders that may adapt to the imposed workload 
(compensated) or lose the ability to maintain force and enter 
a decompensated state. This decompensated state is charac- 
terized by an increased bladder mass, decreased contractility 
of the bladder wall strips and increased, deposition of extra- 
cellular matrix. It might be argued that bladders that were 
compensated were never truly obstructed initially. Our pre- 
liminary data from metabolic cage monitoring suggest that 
these animals are truly obstructed as manifested by in- 
creases in urinary frequency and diminished voiding vol- 
umes. In addition, video urodynamic studies were performed 
in awake rabbits demonstrating that voiding pressures were 
elevated in all animals after obstruction. 

Ample evidence exists in the cardiac literature to support 
the notion that cytosolic calcium handling is a pathway to 
end Btage congestive heart failure. Human and animal mod- 
els of aortic stenosis have resulted in an end stage cardiomy- 
opathy, which has been well characterized at a physiological 
level. 16-17 In these situations a diminished ejection fraction 
correlated well with a loss of SERCA activity by assay and 
Western blot. This Iosb of SERCA was associated with dimin- 
ished gene expression by Northern blot analysis. During 
normal cardiac development there was an increase in SERCA 



expression at the protein and nucleic acid levels. 28 We re- 
ported similar changes in the developing rabbit bladder after 
studying the expression of the ryanodine ion channel and 
SERCA as measures of sarcoplasmic reticulum density. 28 - 30 
Although one cannot directly compare the responses of the 
bladder and heart to outflow obstruction, 31 one cannot help 
but be struck by the molecular similarities with our data. 

Why should it be that despite identically performed outlet 
obstructions 1 of 3 animals demonstrated compensated blad- 
der function whereas 2 of 3 showed evidence of decompensa- 
tion? Is the loss of SERCA expression a cause of decompen- 
sation or merely an associated finding? We speculate that 
those animals in whom sarcoplasmic reticulum function is 
preserved perform better and adapt to the new workload. 
However, to answer this question fully further work remains 
to be done, and we are seeking to answer this question via 2 
main approaches. 1) We are studying the effects that reversal 
of outlet obstruction has on bladder function and sarcoplas- 
mic reticulum expression. 2) We have developed the ability to 
study murine bladder physiology 32 and are creating a repro- 
ducible model of outlet obstruction in the mouse. This proce- 
dure will enable us to study the normal phenotype as well as 
the response to obstruction in a variety of sarcoplasmic re- 
ticulum specific transgenic and knockout mice. 

What is the clinical relevance of these observations? Levin 
et al in a series on human tissues from patients with outlet 
obstruction have also seen a loss in SERCA expression as 
measured by the thapsigargin assay. 33 Experimentally they 
reported that spectrin degradation products are increased 
after outlet obstruction, which implies that calpain has been 
activated. 34 Their study is significant because calpain is a 
proteolytic enzyme that becomes activated only in the pres- 
ence of sustained cytosolic calcium perturbations. Such an 
understanding of the pathophysiology of bladder smooth 
muscle cell dysfunction is essential if one is to design novel 
therapeutic strategies to prevent the onset of end stage blad- 
der. 



CONCLUSIONS 

Bladder performance after outlet obstruction is influenced 
by smooth muscle cell ability to maintain calcium homeosta- 
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sis, and SERCA is an important protein that regulates cyto- 
solic calcium transients. The loss of SERCA protein expres- 
sion is mediated by down-regulation in gene expression in 
the decompensated bladder. These data suggest that smooth 
muscle ion pump gene expression is in part mechanically 
(pressure work) regulated. 
DNA probe was provided by Dr. Ashok Grover. 
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TNF-a and IL-8 Are Upregulated in the Epidermis of 
Normal Human Skin after UVB Exposure: 
Correlation with Neutrophil Accumulation and 
E-Selectin Expression 

Ian Strickland,*! Lesley E. Rhodes,* Brian F. Flanagan.f and Peter S. Friedmann* 

Departments of *DenuiroJog}' end thrununology, Umvcrsify of Liverpool, Liverpool, Uuitcd Kingdom 



The in vivo response to ultraviolet B (UVB) radiation 
in skin is characterized by the accumulation of both 
mononuclear and polymorphonuclear cells within 
the dermis and an induction of vascular endothelial 
adhesion molecules. Epidermal production of cyto- 
kines (IL-8 and TNF-a) has been strongly implicated 
in the development of UVB-induced inflammation. 
In the current study, we examined the time course of 
IL-8 and TNF-a mRNA and protein expression in the 
epidermis over a 24?h period after in vivo UVB irradi- 
ation. Also, the induction of adhesion molecule ex- 
pression and the accumulation of neutrophils within 
the dermis were followed. We found constitutive 
expression of both cytokines (mRNA and protein) in 
the epidermis of unirradiated skin. IL-8 was rapidly 
upregulated after irradiation and mRNA and protein 
increased at 4 h, reaching 3 'maximum between 8 and 
24 h. TNF-a mRNA and/pro tehi was minimally in- 



The skin is the primary interface between the environ- 
ment and the body and is an active immunologic 
microenvironment. It protects against constant mi- 
crobial and chemical assault and also against the 
harmful effects of ultraviolet radiation (UVB). The 
acute effects of UVB radiation (290-320 urn) in human skin result 
in an inflammatory response, detectable clinically as erythema that 
can last up to 96 h. The first observable event is a vasodilatoiy 
response with increase in blood flow detectable within 1 h of UVB 
irradiation (Diffey and Oakley, 19B7). The vasodilation, mediated 
by prostaglandin-Ej and nitric oxide, increases progressively to 
reach it peak at iA h. Furthermore, an inflammatory infiltrate occurs 
that contains mainly neutrophils and is maximal at 24 h (Hawk ti ill, 
1988). The mechanisms involved in neutrophil recruitment ore not 
clearly understood, although their entry will depend upon both a 
specific chemoattractant stimulus and appropriate microvascular 
adhesion molecule expression, of which E-selecrm and intracellular 
adhesion molecule (1CAM-1) arc the most important. There is 



Manuscript received June 12, 1996; raviird Noveinbor 27, 1996: ac- 
cepted for publication Decumbcr 13, 1996. 

Reprint rcqncits ro: Professor P.S. FrieJmann, Department of Deiuiatol- 
otfy, University of Liverpool, Von Office Box 147, Liverpool 169 3BX, 
U.K. 

Abbreviation: VCAM-1, vascular cell adlwsion inoleeule-l. 



creased by 8 h after UVB irradiation and reached a 
maximum by 24 h. No significant alteration in 
ICAM-1 or VCAM-1 expression was observed. E- 
sclcctin expression, which was absent from control 
samples, was increased from 4 h onward and also 
reached a maximum at 24 h, coinciding with peak 
neutrophil accumulation. A strong correlation (r ~ 
0.96) was found between number of E-selectin-posi- 
tive vessels and numbers of infiltrating neutrophils at 
this time. Moreover, because E-selectJn expression 
was increased before any apparent increase in TNF-a 
protein (4 h), TNF-a does not appear to be involved in 
the early induction of the adhesion molecule, but 
cytokines such as TNF-a and IL-8 may act subse- 
quently to augment the Inflammatory response. Key 
words: adhesion molecules. J Invert Dermatol 108i763-7f8, 
t997 



strong evidence for the involvement of cytokines, and after UVB 
irradiation there is upregulation of cytokine expression such as, 
intrrlcukin (H.)-l, QV-8, IL-10, IL-15, and armor necrosis factor a 
(TNF-a) by various cells including kcrannocytes (Enk et al. 1995), 
and dermal fibroblasts (de Kossodo ft «/, 1995). 

IL-8, a member of the C-X-C supcrjjene finrily of ohcrnokines, 
is strongly chemotaetie for neutrophils, lymphocytes, and basophils 
aud thus could be a likely candidate for neutrophil recmianent in 
the UVB-induced inflammatory response (Licbler et nK 1994). In 
humans, the primary source of H-B is monocytes (Colditz et at, 
1992), although It is now known that n wide variety of other cells 
including fibroblasts. Icctadnocytes, and endothelial cells can pro- 
duce this factor. It has been previously reported that after UVB 
exposure of cultured human epidermal keratinocytcs, 1L-B mRNA 
is rapidly upregulated (within 1 h; Kondo tl nl, 1993). Encty of 
neutrophils into skin sites is dependent upon both a chcmotactic 
signal and the interaction of the cell surface ligand sialyl Lcwjs-x 
with the specific cndotlieHal adhesion molecule £-sele«in : (Sririnti- 
er, 1990). Since E-selcctin is not constitutively expressed by. the 
dermal vasculature, it must be induced byinflammatory mediators 
prior to any ct-llular Infiltration. UVB has been shown to uprcgulate 
E-Ki'ectin expression on vascular endothelium in Wvtr (North *.'«i, 
1991). Evidence from mice suggests that the upregulation of 
E-«elecan is likely to be mediated indirectly,' through release of 
TNF-a (Streilcin et at, 1993). TNF-a has .alio been shown to be 
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Deregulated in human epidermis after UVB irradiation (Oxho)ni et 
til, J 988). In the current study, w* have examined die development 
of the cutaneous inflammatory response In vivo after UVB irradia- 
tion. In particular, we have examined the interrelationship of 
epidermal cytokine production, vascular adhesion molecule expres- 
sion, and neutrophil accumulation. 

MATERIALS AND METHODS 

Patients and UVB Irradiation Normal healthy Caucasian vohrntocn 
(u ™ 4, men age — 41 y. three malu) of sun-reactive ikin type II or III 
were recruited for study. Each individual was im<tiaced widi a previously 
dcrcrmiucd dose (2.5X minimal erythema dose) of UVD (by using a PhiHpi 
TL2IIW/12 fluorescein: lamp) at three sires on rho buftcx-k. H«e sites were 
biopsied at 4, B, end 24 li alter irradiation and Scorn on untreated control rite 
to allow construction of a time course- Binpde* were bisected, and one-half 
was snap-frown for immunohistodicmkal analysis and die other was fixed 
overnight in 4% (wt/vol) paraformaldehyde id phosphate-bartered saline 
(PBS) and paraffin embedded for 1st iltu hybridization and cytokine imniu- 
nohMtoclicmistry. 

Preparation of Dlgoagonin-Labclcd Riboprobes Uibcnirnbes fgr 
^ IL-8 and TNF-or were synthesized from die respective coding region cDNA 

fragment) tobcloned into the veetor pCft,TM II (Invitrogen, Leek. The 
Nedirriands). Thii vector contains SP6 and T7 RNA polymerase initiation 
tires for die synthesis of sense and anti-teuse RNA probes. The TNF-tr 
probe was synthesized from a 254-bp fragment corrwponiiing to positions 
336-589 of the full-kngtli TNF-or sequence (Wang et ill, 1985) and IL-8 
probes were synrhesizkd from n fragment corresponding to nndcotides 
101-302 ol" the IL-8 sequence (Matnrshima et <•(, 1988). Transcription 
reactions containing t **g of lineariawd pbsimd UNA were carried out under 
standard conditions (Sambnjok rf al, 1989) in die presence of OJJ inM 
diguxigeoiii-ll-U l i' (Boehringcr Mannheim). Rjriu'iion products were 
analyzed by gel electrophoresis and template DNA was removed by 
addition of 10 unics of RNasc-frcc DNase 1 (Bochringer Maoulieim, 
Mannheim, Germany) for IS uiin at 37 "C prior ro use. 

fn Situ Hybridization Parifliu-cuiboddcd dssuc sccdom (5 run) were 
dcpantmiizcd in xylene and then dehydrated through b series of alcohob to 
water (RNase free). Sections were inenbaced for 1 0 min in 2 X, sodium saline 
dilate (SSC) al 60"C and then treated for 30 mta with 10 fig per ml 
proteinase K (fkschringer Manuheim) in SO rnM Trii(liydraxyiisediyl)anii- 
nomediane buffer (pH 7.6). Proteinase treatment was halted by incubation 
in ice-cold 0.4% paraformaldehyde (BDH, Uicestetsuitc. UK) iu PBS for 20 
mill, .and sections were washed in Trii(hydroxymeihyl)aminoniotbaiie- 
buflexed saline. SeetidiM were hybridized for 1G h with anti-sense or control 
seme IL-8 and TNF-fjr riboprobei ni 40 tig per ml in a solution containing 
2.SX SSC, 50% (bnnamide (Uoehringcr Mannheim), and 10% dexmn 
sulfate (Sigma. St- Louis,. MO) at 42*C in n main environment (Hybakl- 
Onmislide. Hybrid. Middlesex, UK). Slides were then subjected to posr- 
hybridiwtinn -stringency wadie* in SSC at rOOiu temperature for 30 min 
and then at 0.1 X SSC and 50% fbnnatnide (BDH) at 4Z°C for GO min 
(Hybrid-Omnislide). Bound probe was detected by ineubaiion with a 
mouse anti-digoxigenin alkaline phosplmtasc-eoujugatcd Fab fragment 
(Bochririgcr Mannheim) and 4-tutrobluc retrarolluni/5-J»romo-4-cldoro-3- 
indolyl phoiphate (Boehringcr Mannheim). Scctioru were mounted in an 
aqueous mountain (Arpiamoimt, BOH). 

bninnnohistocbcmical Examination ofTiasne 

ImatnnaltuHitthu ojAdlialtm Moltcutet cud NrulivpliiU Crycrftst sections (5 
stm) were first incubarcd with 10% (vol/vol) normal nonimmune goat 
scrum (Zymcd Hittustain-SP, Cambridge Bioscience, Cambridge, UK) to 
block noiisperific binding of the secondary antibody. .Sections were then 
incubated with monoclonal rnrxne antibodies against neutrophil elastaie 
(Dakopitct, High Wycombe, UK), Eielerrirt, ICAM-1, or vascular cell 
adberinn nioleeule-1 (VCAM-1: a gift tram Dr. D. Haskard, Hanimemnirth 
Hospital, London, Unired Kingdom: Nonis A «7, 1991) for 60 min. Normal 
muuse serum served as a negative control (diluted I -.1 ft in PBS). Antibodies 
were used at dilutions of 1:100 in PBS comahting O.IK bovine serum 
albumin (Sigma), lindogenons peroxidase artiviry was quenched by incu- 
bation in i'A (vnl/vnl) hydrogen peroxide (Sigma) in methanol (BDH). 
Sections were then incuhared with a Iriorinyhued gnat aius-moiiac immu- 
noglobulin antibody (Zymed Hiuiuitam-SP, Cimbridge Biosciciice) fol- 
lowed by » strepuridin^eroxidase conjugate (Zymcd Hiiroitain-SP, Cam- 
bridge Dioidenrx). A substrate chromogen mixture [liydrogen peroxide and 
aminoediyl carhnzole in buffet (Zymcd Histostahv-SP, Cambridge Blu- 
scicncc)] was then applied to each section to allow ripiaKrarinn of the 
resulting complex. Finally, (cetions were washed thoroughly with distilled 



TIIE JOURNAL OF INVESTIGATIVE DERM ATOLOCY 



water, counrcrstsincd with haemahim (BDH). and mounted in an aqucout 
slide mountant (Aqimniouiu. BDH) prior to microscopic examinaium. AD 
incubations were performed at room rempcmtnr*. QuinuQeadon was 
perfbmied by two blinded observers and a minbnurn of four high-power 
fields were assessed per section. £-sclcctin staining was expressed as 
inreasiry of stain (0 -- no staining. 1 — weak surnmg, i = moderate 
irairiing, 3 - strong staining, and 4 = iniense staining) and ai mean number 
of positive vessels per high-power field. Neutropliil nusnbers were op- 
pressed solely as mean number of positive cells per higli-power field. 

ImmmwiMilixtition of UrS and TNF-a PanrBu-cmbedded tissue sections (5 
tun) were rebydnued through a wrics of alroluiU to water. Sections were 
Incubated In » microwave oven (S00 w) for 20 min in 10 mM citrate bufier 
(pH 6.0) and allowed u cool. Hie staining protocol was then as for frozen 
sections. The primary sndbodirs used were mouse nionoclonai antibodies 
attains! IL-8 (KJUD Systems. Oxford. Ult) and TNF-o (Nasli el al, 1991: 
gifr of Dr. P.J. McLaughlu). Liverpool University, Liverpool, United 
Kingdom), They were used at a dilution of 1:40; normal mouse senun 
(diluted 1:10 ni PBS) wat used as a negative control. 

RESULTS 

InterletiWn-fl and TNF^a Are Upregulated in the Epidermis 
after UVB Irradiation IL-8 and TNF-or snRNA was constitu- 
tivcly expressed in the epidermis of all iliuitadiated control biopsies 
(time 0 h). IL-8 message ex^itession w» present at equal levels 
throughout the whole epidermis (Fig IA). There was an observable 
increase ill TL-8 mUNA by 4 h after irradiation (Kg IS) that 
reached a maximum between 8 (Fig 1C) and 24 h (Big ID). All 
strata of the epidermis showed equal Strength of staining. Results 
ixoin each individual were comparable. Control sense probes gave 
consistently negative results (Fig IE). 

IL-8 protein wat demonstrable in the epidermis of control 
biopsies at low levels (Fig IP}, ftrpression of IL-8 protein was 
slightly upiegnlated at 4 h and increased progressively thereafter, 
reaching a maximum by 24 h (Fig 1G-I). At this time, expression 
was snprahasa) with strong focal parches of granular perivascular 
keratinocyte staining, 

Saiiiine for TNF^ inRNA was morlerately strong and mainly 
suprabasrd (Hg 2A). An increase in mRNA expression was observ- 
able by 8 h after irradiation and readied a maximum by 24 ll (Fig 
2£-JD). At this time, all layers of the epidermis showed strong 
expression of TNF-a mRNA; control sense probes gave consis- 
tendy negative results (Fig 2E). An observable increase in TNF-« 
protein was observed at 8 h but was maximal at 24 ll after 
irradiation; staining was cytosolie and extended through all layers of 
the epidermis (Fig 21). As with the IL-8 findings, results from ail 
individuals were comparable. 

E-Selecrin, but not ICAM-I or VCAM-1, Is Uprognlated on 
the Dermal Microvaaculatitre after UVB Irradiation In 
unirradiated control biopsies, E-selectin was only weakly ex]iresied 
on vascular endothelium in three of (bur biopsies (Fig iA,Q. By 
4 h nfter izradiation, an increase in E-selectin staining was evident in 
the superficial and mid dermis. Expression increased progressively, 
reaching a maximum by 24 h (Fig iA,B) in terms of intensity of 
stain (median = 3, data not shown) and number of vessels stained 
per high-power field (mean = 2.8, Kg SB). No increase in 
microvascular expression of ICAM-1 or VCAM-1 was observed 
over the time course in any of the biopsies, but weak epidermal 
expression of ICAM-1 was detected at 24 h after UVB jrrath'ation 
(two of four biopsies; data not shown). 

Neutrophils Accumulate in the Dermis of the Skin after 
UVB Irradiation Neutrophils were identified in frozen secdons 
by staining of neutrophil clastasc. In control samples, few positive 
cells were present (mean = 1.2 per high-power field). After 
irradiation, however, there was a progressive increase in number of 
neutrophils, first noticeable by 8 h (mean = 13.7 per high-power 
field). By 24 h, this increase had reached statistical significance 
compared to control samples, shown by paired Student's t test (p < 
0.05) (Fig 4). Furdiermore, there was a direct correlation between 
the number of l^eleedn-posirive vessels per high-power field and 
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Figure 1. IL-8 mRNA 
and protein expres- 
sion inrceatc alter 
UVfi-in-aflSation pf 
npnnvl human ilcin- 
Nimiml healthy Cauca* 
dim voluiucen. (n = 4) 
were irradiated with 
2.5X minimal erythema 
dose of UVfl then biop- 
sied at 1. 8. and 24 h and 
frum an unirradjiued she.. 
(A'-E) Nonrailinartive hi 
tilu hybridization wai 
performed wiih > dij^i.vi- 
Kcnin-labcled ciboprobe 
to lornHnt (lie cytokine. 
(A) Control untrrsrfiarcd 
skin. (Hi hour hnure after 
UVB. CQ Right hours af- 
ter UVB. (O) Twenty- 
lour liouo after UVB. 
(E) Sense probe control 
used on ikin 24 b after 
UVD irradiation. fWJ 
Imniunocytorhrmical 
technique* were em- 
ployed to localize IU8 
protein in biopilec from 
ill* mat volunteers. (F) 
Control unirradiated 
skin. (G) Vaai noun af- 
ter UVB, (11) Eight bourt 
after UVB. (I) Twenty- 
fhur hours after UVB. 
Normal tnouic icmm 
gave coruistenrly nega- 
rive results. Both mRNA 
and protein increfnvd 
pmgre&ivcly. reaching a 
maximum ai 24 b. Sidle 
bar. 50 um. 



PAGE 4/7 * RCVD AT 5/16/2007 6:15:04 AM [Pacific Standard Time] ' SVR:SVC§0 1/1 1 DNIS:6034 1 CSID:613 993 5444 • DURATION (mm-ss):0642 



05/16/2007 wed 9:25 fax 613 993 5444 CISTI help desk 



0005/007 



766 ST1UCKLAND ET AL 



THE JOURNAL OF INVESTIGATIVE DERMATOLOGY 



: 



Figure 2. TIMF-tt 
mRNA and pro- 
tein oppression in- 
crease after UVB- 
imcKatuni of 
normal hnnm 
diln. For experi- 
mental details refer 
to Fig 1 legend. 

k situ liybrid- 
izatioa results- (A) 
Control unirradiated 
skin. (H) Four hours 
ift«r UVB. (Q Eight 
hour* after UVB. <DJ 
Twenty-four hours 
iOci UVD. ffil Sense 
probe control used 
on don 24 h after ir- 
radiation. (F-l) Iro- 
imrooHistochentical 
localization of 
TNF-a. (F) Control 
uairuutiared skin. 
(C) Four hours after 
UVB. (H) Eght 
hours after UVB. (I) 
Twenty-four hours 
after UVB. Norowl 
mouse teruin gave 
vvnujcendjr negative 
results. TNF-ar,wsj 
present at all riiuc 
points iu die epider- 
mis of the skin, al- 
though no increase 
in expression w» 
observed until Hhaf- 
ta UVB and reached 
a maximum at 24 h. 
Seal* bitr, 50 sun. 
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Figure 3. B-ieleedn Is upngulated cm the microvpscnfoturc after UVB-liradlatlon of ttarroal tinman tUn. TJVB-UTadiiUecl skin (see Fig 1 
legend) was i mined foi E-scIcctin by immunohiir«chemic*) techniques. (A) E-sclcctin staining m expressed as numbers expositive vessels per high-pswtr 
field. Hrwr fcmr, SEM (d ■» 4). *p < 0.0S. (B) Strong training ofE-wJcttin cm be observed on die micro vasculature at 24 h. (Q Unirradiated control skin. 
Settle bar. SO am. v 



numbers of neutrophils per high-power field over die rime course 
(r = 0.90). 

DISCUSSION 

In the current study, we followed the changes of several compo- 
nents of the UVB-lnduced inflammatory response over a 244 
period. In unirradiated epidermis, TNF-a and IL-8 were consritu- 
tively expressed at both rnRNA and protein levels. After UVB 
irradiation, both showed increased expression, IL-8 increasing 
several hours before TNF-O!. Dexmal mirrovasculatuxe showed 
increased E-selcctin expression after 4 h, before all increase in 
TNF-ot protein, and it continued to increase thereafter. Neutrophil 
infiltration was -first detectable at 8 h and reached a maximum by 
24 b. The mechanisms underlying these different components of the 
response to ultraviolet irradiation have been the subject of specu- 
lation for some time. It has been suggested that in mice and 
humans, the inflammatory response induced by UVB is mediated 
principally by TNF-er (Vincek a at. 1993). Furthermore, polymor- 
phic alleles at the TNF-a and Lps loci dictate whether mice am 
susceptible or resistant to UVB-niediated inhibition of cutaneous 



immunity (Yoshicawa ct al, 1990). The current findings suggest dm 
TNF-a is a rather late mediator in the reaction. The earliest 
vascular response, hi the form of vasodilation, is detectable between 
1 and 1 h after UVB exposure (Diftuy and Oakley, 1987). Nitric 
oxide (Warren, 1994) and prostaglandin-E, (Black tl of. 197Ba,b) 
are both known to be involved in this part of the response. We 
have confirmed the findings of Norris ct al (1991) that E-selectin 
expression a increased by 4 h, whereas ICAM-I and VCAM-1 
show little change after in vivo irradiation (data not shown). The 
lime of this increase appears to be well before detectable changes iu 
expression of TNF-Or , which raises the possibility that it may be due 
to a direct effect of UVB on endothelial cells or that some Other 
mediator is involved. 

Everett tl «l (1966) demonstrated that 10-15% of UVB pene- 
trates to the superficial dermis. Hence it is possible that UVB has a 
direct effect on microvascular endothelial cells. Indeed, Cornelius tt 
at (1994) showed that cultured human dermal microvascular endo- 
thelial cells exposed in vitro to UVB showed increased expression of 
ICAM-1, although, interestingly, £-seJectin and VCAM-1 were 
unchanged. This response was not inltibited by antibodies against 
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Figure 4. Neutrophil! 
mnlatc in the eTernls of nor- 
mal human »ldn after UVB- 
Irradiation. (A) Nocmil hmniD 
skiu. 24 h after UVB irradiation 
(see Ksj 1 legend) was stained for 
neutrophil clasraic by nrnuunohis- 
rodiemieal teehniquef to iHow vi- 
sualization of ucatrophils. Normal 
monse mmi gave consistently 
negative results.. Positive celb can 
be obicrvcd scattered througtiqta 
rhe dcrrnis. Scott bat, 50 inn. (B) 
Correlation between niimhen nf 
cVseleerin trained vessels and 
numbers of uifittrariug neutrc. 
phik. 



PAGE jjff * RCVD AT 5116120 07 6:15:04 AM (Pacific Standard Time] ' SVR:SVCS01/1 ' DNIS:6034 ' CSID:613 993 5444 1 DURATION (mnvss):06-42 



05/16/2007 WED 9:28 PAX 613 993 5444 CISTI HELP DESK 



12)007/007 




I 

Err *■ 

fen: 

|h 

r<- • 
f? 



768 STRICKLAND FT ylL 



. IL-1 or TNF-a, Oiw observation that E-selcctiu but not 1CAM-1 
(data not showu) is increased after UVB in vivo may reflect 
differences between crdturrcj human dermal microvascular endo- 
thelial cells and their to vivo counterpart], which nuke up a 
heterogeneous cell population, differing in structure, function, 
antigenic composition, metabolic properties, and their responses to 
growth factors (Kumar el al, 19&7). Funheimore, endothelial ccIli 
can show different levels of response to different stimuli; for 
example, chemical perturbation of skin with Irritant or contact 
seusitiiceis result: io greater increases in expression of ICAM-1 than 
of E-sclcerin (Fricdmaiin a d7 1992). Thus, our observations suggest 
tint the initial acdvadnn of JE-selectin expression could be triggered 
directly by UVB, whereas the snb sequent response is augmented 
via the effects of TNF-a. 

Our observations of the activation of IL-o* expression confirms 
findings by Kondo a* al (1993) that in UV-irradlatrd kerarinccytes, 
JL-8 niRNA is increased from 1 K Onward. The rime course of 
increase of IL-8 protein expression, rising between 4 and ft h, is 
compatible with the possibility that this cytokine is anting as a 
chrmoatrractam for neutrophils (Oppcnheirn «l d 1991). The 
neutrophil infiltration was first observed at 8 h and increased 
progressively thereafter. It is interesting to note the granular 
staining rarrern of IL-« after UVU irradiation, which may indicate 
""packaging" of this cytokine prior ro secretion. The mechanism by 
which IL-8 expression is activated is not dear. It may be a direct 
effect of UVB. because cultured kciatinocytcs exposed to UVB 
show increased JL-8 expression (Kondo et al, 1993), but its 
expression may also oc subject to modulation by either IL-1 or 
TNF-a. Indeed, the IL-8 gene contains 5' regulatory elements mat 
confer responsiveness to induction by TNF-a and IL-1. These 
DNA sequences include putative binding sites for transcription 
factors including NF.B and AP-1 (Mnfcaida ft III 1990). 

Tlie function of neutrophils in X/VB-irradiated sites is unclear, 
but there is evidence they may be involved in "repair" processes, 
some of which appear relevant to the changes, of photoageing. 
Thus, Starcher and Conrad (1995) showed that in normal mice, 
,-ilier UVB exposure, the elastin fiber content of skin increased. By 
contrast, io neiirtophil^elastasc-deficient mice, there was no in- 
crease in elasriu fibers even diough inflammatory sites in both types 
of mice contained similar numbers of infiltrating cells. 

We have demonstrated that after UVB irradiation of human skill, 
expression of IL-8 and TNF-« is increased in the epidermis from 
4 h. E-sciccrin, but not ICAM-1 or VCAM-l, is unregulated on 
dermal microvascular endothelium. Moreover, this change is de- 
tectable before the cytokine upregulation has really developed, 
suggesting that it may be a direct response of endothelial cells to 
UVB or that some otlier mediator is involved. The eyrokines may 
contribute by augmenting E-selcctin expression acid may act as a 
chemoattractant for neutrophils. 



Wr aciuwwtriw the four volnmcm «*o took port ia riiis andy. We also /Wr Dr. 
PJ. McLaughlin (Depmrneiu of Immunology, Liverpool University, Liverpool, 
United Kimimi) tt*a donated a sample of hit TNF-a mmoeloaal antibody W Dr. 
D.O. Htalurd (HaiMnrnrM Hoipitti, London. IhinS Kingdom) trim donated 
mmorltml oW&oiics to ICAM-1, M-utectlii, eai VCAti-l. 
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Basic fibroblast growth factor expression is increased in human 
renal Bbrogenesis and may mediate autocrine fibroblast prolif- 
eration. 

Background. Interstitial fibroblasts play a critical role in 
renal fibrogenesis, and autocrine proliferation of these cells 
may account for continuous matrix synthesis. Basic fibroblast 
growth factor (FGF-2) is mitogenic for most cells and exerts 
intracrine, autocrine, and paracrine effects on epithelial and 
mesenchymal cells. The aims of the present studies were to 
localize and quantitate the expression of FGF-2 in normal and 
pathologic human- kidneys and to study the in vitro effects of 
FGF-2 on proliferation, differentiation, and matrix production 
of isolated cortical kidney fibroblasts. 

Methods. FGF-2 protein 'expression was localized by immu- 
nofluoresence double labelings in normal and' fibrotic human 
kidneys. Subsequently, interstitial FGF-2 labeling was deter- 
mined semiquantitatively in 8 normal kidneys and 39 kidneys 
with variable degrees of interstitial fibrosis and was correlated 
with the morpriometrically determined interstitial cortical vol- 
ume. In addition, FGF-2 expression was quantitated by immu- 
noblot analysis in three normal and six fibrotic kidneys. FGF-2 
mRNA was localized by in situ hybridizations. Seven primary 
cortical fibroblast lines were established, and expression of 
FGF-2 and FGF receptor-1 (FGFR-1) were examined. The ef- 
fects of FGF-2 on cell proliferation were determined by bromo- 
deoxyuridine incorporation and cell counts, those on differenti- 
ation into myofibroblasts by staining fora-smoofh muscle actin, 
and those on matrix synthesis by enzyme-linked immunosor- 
bent assay for collagen type T and fibronectin. Finally, prolifera- 
tive activity in vivo was evaluated by expression of MIB-l (Ki-67 
antigen). 

Results. In normal kidneys, FGF-2 expression was confined 
to glomerular, vascular, and a few tubular as well as interstitial 
fibroblast-like cells. The expression of FGF-2 protein was in- 
creased in human kidneys, with tubulointerstitial scarring cor- 
relating with the degree of interstitial fibrosis (r = 0.84, P < 



Key words: FGF-2, fibrosis, kidney, interstitial fibroblast, cell prolifera- 
tion. 

Received for publication July 27, 1999 
and in revised form October 27. 199°. 
Accepted for publication November 1, 1999 

© 2000 by the International Society of Nephrology 



0.01). Immunoblol analyses confirmed a significant increase in 
FGF-2 protein expression in kidneys with interstitial scarring. 
In situ hybridization studies demonstrated low-level detection 
of FGF-2 mRNA in normal kidneys. However, FGF-2 mRNA 
expression was robustly up-regulatcd in interstitial and tubular 
cells in end-stage kidneys, indicating that these cells are the 
source of excess FGF-2 protein. Primary cortical fibroblasts 
express FGF-2 and FGFR-1 in vitro. FGF-2 induced a robust 
growth response in these cells that could be blocked specifically 
by a neutralizing FGF-2 antibody. Interestingly, the addition 
of the neutralizing antibody alone did reduce basal proliferation 
up to 31 -*>%. In addition, FGF-2 induced expression of a-smooth 
muscle actin up to 1.6-fold, but no significant effect was observed 
on the synthesis of collagen type I and fibronectin. Finally, 
staining for MIB-1 revealed a good correlation of interstitial 
FGF-2 positivity with interstitial and tubular proliferative activ- 
ity (r = 0.71, P < 0.01 for interstitial proliferation, N = 30). 

Conclusions. Interstitial FGF-2 protein and mRNA expres- 
sion correlate with interstitial scarring. FGF-2 is a strong mito- 
gen for cortical kidney fibroblasts and may promote autocrine 
fibroblast growth. Expression of FGF-2 correlates with intersti- 
tial and tubular proliferation in vivo. 



Fibrosis is a process that is characterized by excessive 
deposition of matrix components compromising organ 
function because of replacement of normal organ tissue. 
Tissue fibrosis can affect almost any organ but prefers 
tissues with common inflammations, such as the skin, 
the lung, the liver, and the kidney [1]. Inflammation is 
caused by the recruitment of infiltrating inflammatory 
cells such as lymphocytes and monocytes/macrophages. 
Inflammatory infiltration is followed by activation and 
proliferation of matrix-producing cells, mainly fibro- 
blasts, which synthesize excessive amounts of extracellu- 
lar matrix. Cytokines seem to play a decisive role in 
the pathogenesis of organ scarring. Human fetuses heal 
without scar early in gestation and begin to show scarring 
late in development [2]. The anatomical difference be- 
tween the scarless fetal wound healing and the adult scar 
formation lies in the organization of matrix. Whereas 
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fibroblasts deposit matrix in an organized fashion, similar 
to normal skin in fetal wounds, adult wounds are charac- 
terized by the deposition of disorganized collagen fibers 
[3]. Studies by Whitby and Ferguson have demonstrated 
that the differential expression of certain cytokines is 
one of the key reasons for scar formation. Transforming 
growth factor-p (TGF-p) irnmunostaining, for example, 
was absent in fetal mouse wounds and was abundant in 
neonatal and adult mouse wounds [4]. Another cytokine 
that was markedly up-regulated in postnatal wounds with 
fibrosis was basic fibroblast growth factor (FGF-2). Whitby 
and FeTguson demonstrated that, similar to TGF-0, 
FGF-2 is present in neonatal and adult mouse lips but 
cannot be detected in fetal mouse lip wounds [4|. Thus, 
similar to TGF-p, FGF-2 may play an important role in 
the scarring process. 

In the kidney, chronic tubulointerstitial fibrosis is the 
final common pathway of glomerular, vascular, or inter- 
stitial inflammations, often resulting in end-stage renal 
disease [5]. The severity of chronic tubulointerstitial dis- 
ease is the single best histologic correlate of the decline 
in renal function and prognosis for organ function [1,6]. 
As in other scarring processes, a number of cytokines 
have been implicated in renal fibrogenesis, including plate- 
let-derived growth factor (PDGF) and TGF-p. PDGF is 
a strong mitogen for some but not all fibroblasts [7], and 
PDGF-BB has been shown to cause interstitial cell prolif- 
eration, the appearance of myofibroblasts, and kidney 
fibrosis in rats if given intravenously in high doses [8]. 
TGF-P affects all phases of wound healing, including the 
inflammatory response and matrix accumulation [9, 10]. 
Increased expression of TGF-pl has been described in a 
variety of animal models and human diseases associated 
with renal fibrosis [reviewed in 1]. However, the role of 
other cytokines, such as FGF-2, is less well defined. 
FGF-2 belongs to the family of fibroblast growth and 
differentiation factors that currently contains nine mem- 
bers [11]. Up-regulated expression of FGF-2 has been 
linked to fibrogenesis in a number of animal models. 
Injection of FGF-2 into subcutaneous tissue of newborn 
mice caused slight tibrotic changes after seven days of 
injection, whereas simultaneous application with TGF-P 
resulted in persistent skin fibrosis [1 2]. Moreover, FGF-2 
is a strong mitogen for pulmonary fibroblasts and hepatic 
stellate cells, and has thus been implicated in the patho- 
genesis of lung and liver fibrosis, although the exact role 
remains to be elucidated. 

Regarding the kidney, FGF-2 protein was isolated 
from whole kidney homogenates as early as 1985 {13]. 
Floege et al, as well as Takeuchi et al, reported strong 
irnmunostaining in Bowman's capsule, the glomerular 
mesangium, blood vessels, and the interslitium, as well as 
within some tubules in rats [14, 15 1, although their results 
could not be confirmed by all investigators [16, 17] und 
the exact localization of FGF-2 protein in the kidney 



remains controversial. Recently, Floege et al analyzed 
FGF-2 expression in normal human kidneys using four 
different antibodies, and localized it most consistently 
to distal tubular epithelial and vascular smooth muscle 
cells [18]. FGF-2 is mitogenic for mesangial [19], proxi- 
mal-tubular epithelial [20], glomerular endothelial [21], 
and glomerular- epithelial cells [15]. Floege et al demon- 
strated that FGF-2 was synthesized by mesangial cells 
in vitro and in vivo [14]. Furthermore, FGF-2 infusions 
into rats injected with an antimesangial cell antibody 
(anti-Thy 1.1) resulted in a fourfold increase in glomeru- 
lar cell proliferation [22] and led to increased podocyte 
injury and glomerulosclerosis in rats with membranous 
nephropathy [23]. Similarly, treatment of rats for 8 and 
13 weeks with subcutaneous FGF-2 injections resulted 
in focal segmental glomerulosclerosis, with an increase 
of the peritubular interslitium [24]. Finally, Ray et al 
studied a transgenic mouse model of HIV-associalcd 
nephropathy and described increased interstitial staining 
for FGF-2 colocalized with extracellular matrix [25]. 

The aims of the present study were the evaluation of 
FGF-2 expression in normal and fibrotic human kidneys 
and its potential role in renal fibrogenesis. 

METHODS 
Materials 

Rabbit polyclonal antibody to FGF-2 (Ab-2) and mouse 
monoclonal antibody to FGF receptor-1 (FGFR-1) were 
purchased from Calbiochem (La Jolla, CA, USA). Hu- 
man recombinant FGF-l and FGF-2 were from R&D 
Systems (Minneapolis, MN, USA), as was the neutraliz- 
ing goal polyclonal antibody to FGF-2. Mouse mono- 
clonal antibody to collagen type I was obtained from 
' Southern Biotechnology (Birmingham, AL, USA). Poly- 
clonal rabbit antibody to fibronectin antibody was pur- 
chased from Sigma (St. Louis, MO, USA), and mouse 
monoclonal antibody to heparan sulfate was from Boeh- 
ringer Mannheim (Mannheim, Germany). For cell char- 
acterization, the following additional mouse monoclonal 
antibodies were used: anticytokeratin (Dako, Carpin- 
teria, CA, USA), antivimentin (Boehringer Mannheim), 
anli-factor VIII (Dako), anti-human lymphocyte anti- 
gen-DR (HLA-DR) (Dako), anti-a-smooth muscle ac- 
tin (Paesel+Lorei, Wiesbaden, Germany), antieollagen 
type III (Southern Biotechnology), anti-CD 44 (Phar- 
mingen, San Diego, CA, USA), anti-CD 54, and anti-CD 
68 (Dako). The mouse monoclonal antibody to collagen 
type IV was a generous gift from Steven Gay (University 
of Zurich, Zurich, Switzerland). Trypsin-ethylenediamine- 
tetraacetic acid (EDTA), Dulbecco's modified Eagle's 
medium (DMEM), Iscove's modified Dulbecco's me- 
dium, and fetal calf serum (FCS) were obtained from 
G1BCO BRL Ltd. (Paisley, Scotland). Cell culture dishes 
were from Becton Dickinson (Franklin Lakes, N J, USA). 
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Patient material 

Kidney tissues from 39 patients with primary and sec- 
ondary renal diseases and a variable degree of tubuloin- 
terstitial fibrosis were used in this study. Tissues included 
32 biopsies and 7 nephrectomy specimens. The nephrec- 
tomies were performed in patients with end-stage renal 
disease caused by intractable hypertension or recurrent 
urinary tract infections. The use of parts of nephrectomy 
specimens or kidney biopsies for research purposes was 
approved by the ethics committee of the Georg- August- 
University, and written consent was obtained from all 
patients prior to nephrectomy or kidney biopsy. Normal- 
appearing kidney tissue from kidneys that proved either 
unsuitable for transplantation or were explanled because 
of tumor nephrectomies were used as controls (N = 8). 

Cell culture 

Human medullary fibroblast cell lines Tk 173 (obtained 
from a normal kidney) and Tk 188 (from a kidney with 
lubuloinlerstitial fibrosis) have been characterized pre- 
viously [26] and were cultured in DMEM supplemented 
with 10% FCS, penicillin (1(X) U/mL), and streptomycin 
(100 U/mL). For the isolation of primary human renal 
fibroblasts, cortical parts of renal biopsy cylinders or ne- 
phrectomy specimens were cut and emerged in DMEM 
medium with 20% FCS ancf penicillin/streptomycin in 
the previously mentioned concentrations. When cells had 
grown to confluence, the,y were characterized by immuno- 
fluorescence for cytoke'ratin, vimentin, a-smooth muscle 
actin, collagen types I, III, IV, factor VIII, CD 68, and 
HLA-DR. Cells that were positive for vimentin and at 
least collagen .types I and III, and negative for cytokera- 
tin, factor yiil and HLA class II were considered to be 
fibroblasts and were used for induction assays in passages 2 
through 8. For detection of heparan sulfate proteoglycane 
■expression, fluorescence activated cell sorting (FACS) 
analysis was performed as described previously [26]. 

Specificity of the basic fibroblast growth 
factor antibody 

To determine the specificity of the applied antibody, 
FGF-2 expression in Tk 173 and Tk 188 fibroblasts (which 
are easier to culture than primary fibroblasts) was first 
analyzed by immunocytochemistry as described pre- 
viously, using the anli-FGF-2 and the secondary FTTC- 
antirabbit antibodies at concentrations of 1:20 [27]. For 
Northern blot analyses, total cellular RNA was extracted 
from cultured cells using RNA-clean™ (AGS, Heidel- 
berg, Germany) according to the manufacturer's instruc- 
tions. Concentration of RNA was determined by ab- 
sorbance at 260 tun, and samples were stored at -80°C 
prior to use. Northern blot analysis was performed as 
described [28]. Briefly, 40 (ig of total RNA were electro- 
phoresed on a .1.0% agarose gel containing 2.2 niol/L 



formaldehyde using 1 X MOPS, pH 7.0, as the running 
buffer. Photographs of ethidium-bromide-stained gels 
were taken under ultraviolet illumination. RNA was sub- 
sequently transferred to a nylon membrane (Hybond N; 
Amersham, Arlington Heights, IL, USA) by capillary 
transfer for 12 hours with 20 X standard saline citrate 
(SSC) as the transfer buffer. Blots were baked at 80^ 
and prehybridized for one hour at 68°C in prehybridiza- 
tion solution containing 0.5 mol/L Na 2 HP0 4 buffer (pH 
7.2), 0.5 mol/L EDTA (pH 8.0), 25% sodium dodecyl 
sulfate (SDS), and 1.5% blocking reage'nt. FGF-2 specific 
oligonucleotides (R&D Systems) were labeled with di- 
goxigenin using a kit (Boehringer Mannheim) according 
to the manufacturer's instructions. Hybridizations were 
performed overnight at 58°C using the prehybridizalion 
solution. After washing, anti-DIG alkaline phosphate and 
disodium 3-(4-methoxyspiro[:l ,2-dioxetane-3,2'-(5'-chloro) 
tricyclo[3.3.1.1"]decan}-4-y!)phenyl phosphate (CSPD) 
substrate (both Boehringer Mannheim) were added, and 
autoradiograms were obtained. 

Subsequently, immunoblots were performed as de- 
scribed previously [27]. Briefly, lysatcs from Tk 173 and 
Tk 188 fibroblasts were obtained by lysis with a deter- 
gent-based buffer containing 0.4% sodium deoxycholale, 
1% NP-40, 1.9% EGTA, and 10 mmoi/L Tris (pH 7.4). 
One hundred micrograms of total cellular protein and 
50 ng FGF-2 control protein were run on an 18% SDS- 
polyacrylamide electrophoresis gel and transferred to a 
nitrocellulose membran (Hybond" ECL™ 1 ; Amersham) 
by electroblolling. Membranes were stained with Pon- 
ceau red to control for adequate transfer and equally 
loaded amounts. After blocking, the membrane was in- 
cubated with the respective antibody (anti-FGF-2 in a 
concentration of 1:40) followed by the secondary anti- 
body (donkey-antirabbit, horseradish peroxidase-linkcd, 
concentration 1:3000; Amersham). Positive reaction pro- 
ducts were identified by enhanced chemiluminescence 
(ECL; Amersham) according to the manufacturer's pro- 
tocol. 

ImmunhLstochemical staining for basic fibroblast 
growth factor and niorphometric evaluation or 
interstitial volume 

Tissue from normal human kidneys, renal biopsies, 
and end-stage kidneys were snap frozen in liquid nitro- 
gen. Sections of 4 to 6 n,m were cut, mounted on micro- 
scope slides, and fixed in ice-cold acetone for 10 minutes. 
Sections were then allowed to dry, and unspecific binding 
was blocked by incubation with goat scrum. Anti-FGF-2 
antibody was added in a concentration of 1:20. After 
incubation for 60 minutes and several washes in phos- 
phate-buffered saline (PBS), FITC-antirabbit was added 
in a concentration of 1:20. Positivity was evaluated with 
an Axiophol S100 microscope (Zeiss, Jena, Germany). 
Interstitial cortical staining for FGF-2 was rated by two 
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blinded investigators as in normal kidneys (+), increased 
( + + ) robustly increased (+ + +), or absent (-). Nega- 
tive controls consisted in substitution of the primary anti- 
body with an irrelevant rabbit polyclonal antibody or PB5.. 

In selected sections, double labelings were performed 
to characterize FGF-2-positive interstitial cells In that 
case an addition of the anti-FGF-2 antibody was followed 
bv staining for a-smooth muscle actin, vimentin. cytokei- 
atin, HLA-DR, CD 44, CD 54, and CD 68. FITC-ant.- 
rabbit and the appropriate rhodamin-labeled ant.body 
were added sequentially at a concentration of 1:20. 1 ho- 
lographs were taken either by double or by sequential 
exposure using Zeiss camera and software (MC 200 Chip). 

Selected sections from normal andfibrotic kidneys 
were also paraffin embedded after fixation in formalde- 
hyde using a standard avidin-biotin complex (ABC) 
method, as described previously [271. 

For morphometry evaluation, all tissue specimens 
were fixed in 4%. buffered formalin solution (pH 7.4) 
and embedded in paraffin. Tissue sections were stained 
for trichrome or PAS, and point counting was performed 
as described by Bohle et al [29]. Only those specimens 
containing at least five glomeruli were evaluated. Five 
projection fields of the cortex were examined per kidney 
using a lattice of 1 cm at a magnification of X250, discrim- 
inating between interstitium, tubular epitheha, glomer- 
uli and vasculature. Big blood vessels were ignored. The 
value for the interstitium was expressed as a percentage 
of the analyzed cortex. 

Quantitation of basic fibroblast growth 
factor expression 

Expression of FGF-2 protein was quantitaled by im- 
munoblol analysis. Briefly, lysates were obtained from 
six kidneys with considerable interstitial scarring and 
three control kidneys, lmmunoblots were performed as 
described earlier in this article using 100 u.g of protein 
and 50 ng of FGF-2 recombinant protein as positive 
control. After staining for Ponceau red, blots were ana- 
lyzed densitometricaUy for later normalization. Positive 
reaction products were again identified by ehemilumi- 
nescence using a Fluor-S™ Multiimager (Bio-Rad, Her- 
cules. CA, USA), and densitometry analysis was per- 
formed with Multi-Analyst™ software (Bio-Rad). 



Vector assembly and ui situ hybridization for basic 
fibroblast growth factor 

In situ hybridizations were performed on 6 u.m sec- 
tions of snap-frozen tissue from freshly explanled kid- 
neys using a digoxigenin-labelcd cRNA probe. FGF-2 
cDNA was purchased from R&D Systems, digested with 
Hind III and BamHl, and cloned into pBS SK 11 (Stra- 
tagene. La Jolla, CA, USA) as described [301. The new 
vector was named FGF-2-pBS. Correct ligation was veri- 
fied by sequence analysis using Alf-Express (Pharmacia, 



Piscataway, NJ, USA). The vector was linearized with 
the appropriate enzyme, and FGF-2 sense/antisense ri- 
boprobes were synthesized and labeled with digoxigenin 
by in vitro transcription with the DIG RNA labeling 
kit (Boehringer Mannheim) as described [31]. Tissue 
sections were mounted on Sectionlock" 1 slides (Poly- 
sciences, Eppelheim, Germany), briefly heated to 50 C 
to ensure fixation, dried for 30 minutes, and fixed in 3 U> 
paraformaldehyde for 7 minutes. Washing in PBS and 
2 X SSC was followed by prehybridization for 60 mmutes 
at 43°C in hybridization buffer (Amersham) containing 
50% formamidc (Sigma). Hybridization was then per- 
formed in 40 to 60 u.L hybridization buffer per section 
containing the cRNA probe at a concentration of 200 
ng/mL, foUowed by washing in 2 X SSC foi : 5 minutes 
at 37°C and twice for 15 minutes in 0.1 X SSC, i>D5> at 
68°C. After a final wash in 100 mmol/L Tris-HCl and 
150 mmol/L NaCl for five minutes at room temperature, 
1% blocking buffer and 10% goat serum (Dako) were 
added, and the sections were incubated with a 1:500 
dilution of alkaline-phosphatase conjugated anti-DIG 
antibodv for two hours at room temperature. Detection 
was performed after several washes in 100 mmol/L Tris- 
HCl 150 mmol/L NaCl with detection buffer contain- 
ing 0.18 mg/mL 5-bromo-4-chloro-3-indolyl-phosphate 
(BCIP) 0 14 mg/mL nitro blue tetrazolium (NBT), and 
240 jig/mL lcvamisole. After 12 hours, color reaction 
was stopped by washing in 10 mmol/L Tns (pH 8) and 
1 mmol/L EDTA for five minutes, and covershps were 
mounted. Sections from human synovia, which is known 
to express FGF-2 abundantly, served as positive control. 

Proliferation assay 

Proliferation studies in primary cortical fibroblasts 
were performed using nonradioactive bromodeoxyun- 
dine incorporation assays (Amersham) based on the 
method by Gratzner [32]. Four x 10' cells were : plated 
per well in 96-well microliter plates containing DMEM 
medium with the usual supplements and incubated over- 
night to allow cell attachment. Cells were then made 
quiescent by replacement of DMEM medium with Is- 
cove's medium and subsequent incubation for 24 hours 
In preliminary experiments, cytokines were added and 
proliferation was measured after 24, 48, 72 and 96 
hours FGF-2 was used in concentrations of 0.1, 1, UN 
and 100 ng/mL (equivalent to 5.5 x lfr" mol/L, 5.5 x 
10-" mol/L. 5.5 X 10-'° mol/L, and 5.5 X 10 mol/L, 
respectively). In a second set of experiments, 1 ng/mL 
FGF-2 was added, and bromodeoxyuridine incorpora- 
tion was measured after 72 hours. The specificity of the 
response to FGF-2 was determined by addition of a neu- 
tralizing FGF-2 antibody in a concentration of 10 p-g/mL 
(which had been determined in titration experiments 
with Tk 173 fibroblasts) or a nonrelevant IgG. Both 
antibodies were also added without FGF-2 to study their 
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intrinsic effects on proliferation. Medium was changed lo 
Iscove's containing BrdU/FdU in a dilution of 1:500 four 
hours prior to measurements. Cells were then washed 
three times in PBS and fixed in methanol containing 2% 
hydrogen peroxide followed by denaluration in 1 N HC1 
for 10 minutes. After a further three times of washing 
in PBS containing 0.1% Tween and blocking for 30 min- 
utes in PBS (0.1 % Tween, 3% BSA), 50 |xL of anti-BrdU 
antibody were added and incubated for 45 minutes. Cells 
were again washed three times in PBS/Twccn, and perox- 
idase substrate was added (100 u.L/well). Optical densi- 
ties were subsequently determined photometrically at 
405 nm (Dynatcch MR 4000; Dynatech, Denkendorf, 
Germany). All experiments were performed in triplicate 
and repeated five times. Results are shown in percentage 
of negative control (Iscove's medium = 100%). 

In a third set of experiments, conQucnt monolayers of 
fibroblasts were trypsinized, and cells were seeded at 4 X 
10 l cells per well in 96-well culture plates. After 12 horns, 
DMEM medium was replaced by Iscove's medium. After 
a further 24 hours, cells were incubated with various 
factors (FGF-2 at concentrations of 0.1, 1, 10, and 100 
ng/mL, FGF-2 (1 ng/mL) + FGF-neutralizing antibody 
(10 |xg/mL), FGF-2 (10 ng/mL) f irrelevant IgG, and 
FGF-2 (1 ng/mL) + heparin (1.0 u-g/mL) for 72 hours 
before cell counts were performed. PDGF-BB at 10 
ng/mL and heparin alone (10 u,g/mL) served as controls. 
Again, all experiments were performed in triplicate and 
repeated five limes. 

Immunofluorescence staining of a-smooth 
muscle a din 

The effects,6f FGF-2 on the differentiation of kidney 
fibroblasts into myofibroblasts were assessed by immu- 
nofiuorescent staining of a-smooth muscle actin after 
continuous exposure to FGF-2 for 48 hours. Cells were 
seeded in microchamber slides and incubated in regular 
medium for 12 hours. After 24 hours of incubation in 
Iscove's medium for quiescence, FGF-2 was added in 
concentrations of 0.1, 1.0, and 10 ng/mL. At the end of 
incubation, cells were washed twice with PBS and fixed 
with ethanol/acetic acid (50:50, vol/vol) for 20 minutes 
at 4°.C. The cells were subsequently washed again and 
incubated for two hours at room temperature with a 
1:200 dilution of a monoclonal mouse antibody to human 
a-actin isoform of smooth muscle cells. Cells were then 
washed again with PBS and incubated for 60 minutes 
at room temperature with the FITC-conjugated rabbit- 
antimouse antibody. Control cultures were incubated 
without application of the primary antibody. Incubation 
with TGF-pi (1 ng/mL) served as a positive control. 
Cells with the typical a-actin structure were considered 
to be a-actin positive. Additional staining with the 
Hoechst dye H33258 to identify nuclei was performed 
to facilitate cell counting. For each group, 500 cells were 



determined microscopically using an Axiophot S100 mi- 
croscope (Zeiss) by a blinded investigator, and the per- 
centage of a-smooth muscle actin-positive cells was cal- 
culated. Each experiment was repeated three times 
independently. 

Matrix synthesis 

Enzyme-linked immunosorbent assay (ELISA) of su- 
pernatants were performed as described [33], with some 
modifications, including the use of chemiluminescence 
to enhance sensitivity [34]. Eight X 10' cells were plated 
per well, and cells were again made quiescenl by incuba- 
tion in serum-free medium for 24 hours. Next, FGF-2 
was added in concentrations of 0.1, 1.0, and 10 ng/mL 
followed by incubation for 48 hours. Human recombi- 
nant TGF-|31 (R&D Systems) in a concentration of 1 
ng/mL served as a positive control. Fifty ng/mL ascorbic 
acid and 50 jig/mL propionitrile (bolh from Sigma) were 
added in experiments evaluating collagen synthesis. Su- 
pernatants were transferred to a Maxisorp™ plate and 
incubated overnight at room temperature. Plates were 
suhsequently dried for two hours and blocked with 3% 
dried milk. Tncubation with 50 jjlL of ibe primary anti- 
body (anticollagen type I was used in a concentration 
of 1:300 and antifibronectin at 1:5000) was followed by 
washing two times with PBS/0.1 % Tween and incubation 
with the secondary antibody [antimouse-IgG-AP and 
antirabbit-IgG-AP (both Boehringer Mannheim, Ger- 
many), both used at a concentration of 1:1000]. After 
two additional wash steps, 100 uL of CSPD-Ready-to- 
Use substrate (Boehringer Mannheim) were added, and 
quantitation was performed in a luminometeT (Mikrolu- 
mat CB 96P; Berthold, Bad Wildhad, Germany) usiug 
MikroWin'" software (Mikrotek, Overath, Germany). 
Nonspecific binding was determined by incubation with 
the secondary antibody only. The value was normally 
less than 5% of the total chemiluminescence and was 
subtracted from each assay. All assays were performed 
in triplicate and repeated five times. Standardization was 
obtained for the collagen type I ELISA using human 
type Icollagen (Becton Dickinson, Bedford, MA, USA). 
The limit of detection was 1 ng/ml with a working range 
of 10 to 1000 ng/mL. Human fibronectin (Sigma) served 
as standard for the fibronectin ELISA. The working 
range of that ELISA was 0.1 to 10 jig/ml.., with a limit 
of detection of 10 ng/mL. All values were corrected for 
cell counts (10 3 cells), which were performed after trans- 
fer of supernatants. 

Evaluation of cell proliferation in vivo 

Immunostaining with MIB-1 (Dako) was used to eval- 
uate cell proliferation in vivo. Five-micrometer thick sec- 
tions' were cut, dewaxed, and rehydrated according to 
routine procedures. Sections were pretreated in a micro- 
wave oven for 5 minutes and then incubated for 60 min- 
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utes at room temperature with the MIB-1 antibody, which 
was used in a concentration of 1:50. Ihe strcptavidin- 
biotin/alkaline phosphatase complex technique (Dako) 
was performed, and Fast Red™ was used as the chromo- 
gen. The sections were counterstained with hematoxylin. 
All stained nuclei were rated as positive. Proliferative 
activity within the interstitium and tubular epithelium 
was quantitaled separately by counting MIB-l-positive 
cells in four fields at X250 magnification using an integra- 
tion grid. 

Statistical analysis 

All values are expressed as mean ± SEM unless spe- 
cified. Analysis of variance (ANOVA) was used to de- 
termine statistical differences between growth factor- 
treated groups and controls using Sigma-Stat™ software 
(jandel Scientific, San Rafael, CA, USA). Further analy- 
sis was carried out using Bonferroni's test to control 
for multiple testing. For nonnormally distributed data 
(MIB-1 staining), the Mann -Whitney rank sum test was 
applied. A correlation between semiquantitative intersti- 
tial FGF-2 staining, morphomctric volume, and MIB-1 
positivity was evaluated by Spearman's rank-order corre- 
lation coefficient. P values < 0.05 were considered sig- 
nificant. 

RESULTS 

Specificity of the anti-basic fibroblast growth ■■ 
factor antibody 

Since the exact localization of FGF-2 in the kidney is 
still controversial, we first determined the specificity of 
the antibody used for our studies. First, immunofluores- 
cence labeling demonstrated that the two fibroblast lines, 
Tk 173 and Tk 188, were positive for FGF-2 using the 
Ab-2 antibody. These results were corroborated by 
Northern and Western blot analyses (Fig. 1). Northern 
blot analysis confirmed that both fibroblast lines express 
FGF-2 mRNA, with a main band at 7.0 kb (Fig. 1 A). In 
addition, the immunoblot demonstrated that the anti- 
body detects a specific 18 kd band in the two fibroblast 
lines corresponding to the size of the recombinant pro- 
tein (Fig. IB). The two additional bands found mainly 
in Tk 173 fibroblasts probably correspond to multiple 
translation initiation sites [35]. There was no cross-reac- 
tivity of the antibody with FGF-1 (acidic fibroblast 
growth factor; data not shown). 

Basic fibroblast growth factor expression is expressed 
in interstitial fibroblast-like cells and increased in 
kidneys with tubulointerstitial fibrosis 

Basic fibroblast growth factor expression was first ana- 
lyzed in frozen sections of normal kidneys by indirect 
immunofluorescence. Immunolabeling of normal kid- 
neys demonstrated FGF-2 protein within glomeruli, tu- 
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Fig. 1. Specificity of flic anti-basic fibroblast growth factor (enti- 
FGF-2) antibody. The two kidney fibroblast cell lines Tk 173 and Tk 
188 express FGF-2 as determined by Northern blot {A) and immunoblot 
analyses (B). Northern blot gave a main band at 7.0 kb, as expected 
for FGF-2 (A). Immunoblot analysis demonstrated a main band at 18 
kD corresponding to the size of the recombinant protein. Additional 
bands at 22.5 and 24 kD correspond to multiple transplantation initiation 
sites (B). One hundred micrograms or total cellular protein were loaded 
onto each lane, and 50 ng of recombinant FGF-2 control protein 
(rFGF-2) served as positive control. 



nica media of blood vessels, few tubular (mainly distal 
by morphology), and many, albeit notall, interstitial cells 
(Fig. 2). The number of positive interstitial cells was 
considerably smaller in paraffin sections, probably be- 
cause of differences in antigen stability (data not shown). 
To further characterize the FGF-2-positive cells within 
the interstitium, immunofluorescent double labelings 
were performed in normal kidneys and biopsies from 
kidneys with minimal interstitial involvement (intersti- 
tium morphomctrically <25%). The results are depicted 
in Figure 2. Most of the FGF-2-positivc cells within the 
interstitium stained also positive for CD 54 (intercellular 
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Kg. 2. Localization of FGK-2-positive cells 
in cortical tissue of a normal kidney by Inuuu- 
nofluorestence. Indirect immunofluorescence 
double labelings tor FGF-2 (FITC labeled) 
and HLA-DR (A), CD 68 (B). a-smooth muscle 
actin (Q, cylokeralin (D). CD 54 (£). and 
CD 44 {F) (rhodamine labeled) were per- 
formed in a human kidney without interstitial 
scarring. There is a dose correlation in stain- 
ing within the inrcrslitium for FGF-2 and 
a-smooth muscle actin, CD 54, and CD 44. 
However, some interstitial cells slain exclu- 
sively for a-smooth muscle nctin (C), some 
exclusively for FGF-2 and not for CD 54 (F.). 
or CD 44 (F). A number of cells coexpress 
FGF-2 and HLA-DK (A), although most in- 
terstitial cells stain only for FGF-2. There arc 
very Tew compressions between FGF-2 and 
CD 68 (B). Interstitial cells do not express 
cylokeralin; however, some tubular cells dis- 
play encxpression of FGF-2 and cytokeratin 
(D). Original magnification X2(K). 





D 



F 




Fig. 3, Staining for FGF-2 in a flbrotic kidney. Indirect immunofluorescence for FGF-2 (A, C, E) and vimcntin (B), a-sraooth muscle actin (l>), 
and CD 44 (F) in a human kidney with marked interstitial fibrosis. The staining for all four molecules is increased compared with a normal kidney. 
There is marked coexprcssion for FGF-2 and all three markers of interslilial fibroblasts; however, again, the overlap in staining is not complete. 
Some interstitial cells label exclusively for FGF-2 and some exclusively for o -smooth muscle actin (C and D). Original magnification X400 (A and 
B) and X200 (C. D. E and F). 
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adhesion molecule-1; Fig. 2E) and CD 44 (Fig. 2F), al- 
though many FGF-2-positive cells did not label for both. 
In addition, almost all F.GF-2-positive cells did stain for 
vimentin as well (data not shown). There was a consid- 
erable overlap iu interstitial staining for FGF-2 and 
a-smooth muscle actin (Fig. 2C); however, there were 
some cells that expressed a-smooth muscle actin but 
not FGF-2. There was some coexprcssion of FGF-2 and 
HLA-DR (Fig. 2A), but most FGF-2-positive interstitial 
cells were negative for the HLA class II molecule, which 
is expressed on dendritic cells and macrophages. Only 
occasionally was coexpression of FGF-2 and the macro- 
phage marker CD 68 observed (Fig. 2B), indicating that 
only very few FGF-2-positive cells are macrophages. 
Judging by the difference in staining for CD 68 and 
HLA-DR, some of the cells that stained for FGF-2 may 
be dendritic cells, but the majority clearly are not. CD 44, 
CD 54, and a-smooth muscle actin have all been propa- 
gated as potential markers of fibroblasts [3ft, 37]. Thus, 
it seems reasonable to assume that most FGF-2-positive 
cells within the interstitium are probably fibroblasts or 
fibroblast-like cells. 

We next compared the sections from eight normal 
renal tissues (from 3 female and 5 male patients, mean 
age 56.9' years) and 39 kidneys (from 12 female and 27 
male patients, mean age 45.0 years), each with varying 
degrees of tubulointerstitial fibrosis. Since we were par- 
ticularly interested in the correlation between FGF-2 
expression and the degree of interstitial scarring, a vari- 
ety of renal diseases was examined. Table 1 displays the 
characteristics of patients and tissue types. The relative 
percentage of the cortical inlcrstitium was determined by 
morphomelric analysis. In normal kidneys, the relative 
percentage of the interstitium varied between 15 and 
25%. Conversely, in the nephrectomy specimens from 
patients with renal disease, the interstitium occupied be- 
tween 49 and 72%. No change of FGF-2 expression was 
observed in- normal human kidneys. However, robust 
up-rcgulation of FGF-2 expression was noted in kidneys 
with interstitial scarring. Table 1 summarizes the results. 
Figure 3 depicts the staining results in a kidney with 
marked interstitial fibrosis. FGF-2-positive cells (Fig. 3 
A, C, and E) also stained positive for vimentin (Fig. 3B), 
a -smooth muscle actin (Fig. 3D), and CD 44 (Fig. 3F). 
Again, there was only little co-staining for the dendritic 
cell and macrophage marker HLA-DR and only occa- 
sional co-staining, for the macrophage marker CD 68 
(data not shown), excluding prominent expression in 
these cells. In paraffin-embedded sections, there was an 
accentuation of extracellular matrix staining, including 
tubular basement membrane, whereas fewer cellular ele- 
ments were labeled. 

When the expression of FGF-2 was correlated with 
the cortical interstitial volume, wc found a good correla- 
tion (r ~ 0.64. P < 0.01). However, four of the biopsy 
specimens displayed an enlargement of the interstitial 
volume caused exclusively by interstitial infiltration with- 



out significant interstitial scarring (numbers 14, 15, 33. 
and. 34). No increase in FGF-2 expression was observed 
in any of the four specimens. Thus, when FGF-2 protein 
expression was correlated with the interstitial volume 
only in those kidneys in which widening of the interstitial 
space was due to scarring, wc found an even hetter corre- 
lation (r = 0.84, P < 0.01). Figure 4 illustrates the correla- 
tion graphically. 

When the specimens from patients with glomerulone- 
phritis (N = 20) were analyzed exclusively, the correla- 
tion was still significant (r = 0.65, ;• < 0.01). The number 
of individual diseases was too small to analyze them 
separately. However, looking at the specimens with IgA 
nephritis, there may be a biphasic expression pattern of 
FGF-2 with a + + + expression at interstitial volumes of 
37 to 46% and a ++ expression at volumes of 55 to 
71%. There was no correlation between interstitial 
FGF-2 staining and interstitial volume in the specimens 
from patients with tubulointerstitial nephritis. 

FGF-2 protein expression is increased in cortical tissue 
from kidneys with interstitial fibrosis 

Although our immunofluorescence labeling studies 
had shown a good correlation between interstitial vol- 
ume and interstitial FGF-2 labeling, we wanted to con- 
firm this finding by immunoblol analysis. Thus, protein 
was isolated from cortical tissue from three normal kid- 
neys and six kidneys with marked interstitial scarring 
[from patients 10 (that is, FK1), 11 (FK2), 13 (FK3), 18 
(FK4), 19 (FK5), and 24 (FK6)]. With the exception of 
FK1, all fibrotic kidneys contained more FGF-2 than 
their normal counterparts (Fig. 5A). Figure 5B summa- 
rizes the result after densitometric analysis (P = 0.048). 

In sifu hybridizations reveal increased FGF-2 mRNA 
expression within the tubulointerslirium in 
end-stage kidneys 

In situ hybridizations were performed to localize FGF- 
2-synthesizing cells in three normal and three end-stage 
kidneys with interstitial fibrosis, tubular atrophy, and 
dilation. As expected, hybridization with the sense probe 
gave no signal (Fig. 6A). Conversely, hybridization with 
the antisensc probe demonstrated weak staining within 
glomeruli and blood vessels, as well as occasional tubular 
and interstitial cells in normal kidneys (Fig. 6B), indi- 
cating that these cells synthesize FGF-2 themselves. 
Furthermore, similar to what was observed by immuno- 
fluorescenl staining, in situ hybridizations of fibrotic end- 
stage kidneys revealed a robust increase in signal for 
FGF-2 mRNA within interstitial cells (Fig. 6 C. D). The 
majority of interstitial cells displayed FGF-2 mRNA po- 
sitivity. There was also increased staining in tubular cells, 
even in some tubules that were dilated and atrophic. 
Conversely, there was no increased FGF-2 mRNA syn- 
thesis within the glomeruli of the analyzed kidneys, indi- 
cating that most FGF-2 is, in fact, synthesized in nonglo- 
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merular cells. Thus, we conclude that the results of the 
in situ hybridizations parallel the protein stainings dem- 
onstrating that increased FGF-2 mRNA synthesis takes 
place m interstitial cells within the kidney and that in- 
creased protein detection is not due to mere accumula- 
tion of exrrarenally synthesized FGF-2. 

Detection of FGF-2 expression and its low- and high- 
affinity receptors in human primary cortical fibroblasts 

To evaluate the possible role of FGF-2 in human renal 
fibrogenesis, the expression of FGF-2 and its high- and 



low-affinity receptors were examined in seven primary 
cortical fibroblast lines. All cell lines were characterized 
as fibroblasts and synthesized extracellular matrix com- 
ponents, including collagen types 1 and 111, as well as 
fibronectin. Expression of FGFR-I, one of four high- 
affimly receptors, was analyzed by immunoblot analysis. 
The immunoblot analysis demonstrated a double band 
at approximately 120 kD in all seven fibroblast lines 
(Fig. 7A). The most robust expression of FGFR-1 was 
observed in fibroblasts isolated from kidneys 25, 31, and 
39, with interstitial volumes of 41, 74, and 79%,' rcspec- 
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Cortical interstitium,% 

Fig. 4. Correlation or staining for FGF-2 and morphometry: volume. 

'llicrc was a positive correlation between semiquantitative FGF-2 label- 
ing and morphomelrically determined volume. Four cases of acute 
tubulointerstitial nephritis have been omitted for this analysis (discussed 
iu the Results section). P < 0.01 ; r = 0.84, by Spearman's rank order 
coefficient. 



lively, in addition, FACS analyses confirmed the expres- 
sion of heparan sulfate proteoglycan, which serves as 
a low-affinity receptor for FGF-2 in all seven cell lines. 
There was no difference in the level of expression (data 
not shown). 

Basic fibroblast' growth factor protein itself could also 
be detected in all seven fibroblast lines studied (Fig. 
7B). Interestingly, the level of FGF-2 protein expression 
correlated with the degree of interstitial scarring of the 
kidney from which the cells were isolated. Whereas F33 
and F34, isolated from patients 33 and 34 with tubuloin- 
terstitial nephritis and no interstitial scarring, displayed 
relatively moderate positivity for FGF-2, the level of 
expression was much higher in the fibroblasts isolated 
from kidneys with interstitial scarring. In addition, there 
was a good correlation between the relative level of 
FGF-2 protein expression in the seven fibroblast lines 
and the semiquantitative FGF-2 immunofluorescence la- 
beling in the kidneys from which the cells were isolated 
(/• = 0.76, P = 0.038). 

FGF-2 is a strong mitogen for renal fibroblasts, 
induces differentiation into myofibroblasts, and has no 
major effect on matrix protein synthesis 

To evaluate the function of FGF-2, proliferation, dif- 
ferentiation into myofibroblasts, and matrix protein syn- 
thesis of human renal fibroblasts were examined in five 
different primary cortical fibroblast lines. In a first set 
of experiments, performed in F25 fibroblasts, FGF-2 
caused a robust induction of proliferation, which was 
time and dose dependent. The increase of bromodeoxy- 
uridine incorporation was significant after 48 hours 




B 



c 
Q 

o 





Fibrotic kidneys Normal kidneys 

FGF-2 protein 

Fig. 5. Expression of FGF-2 protein in kidney with and without inter- 
stitial scarring. FGF-2 protein expression was examined by immunoblot 
unulysis in three normal (NK1 through NK3) and six kidneys with at 
least 10% interstitial fibrosis (FK1 through FK6). With the exception 
of FK1, all fibrotic kidneys express more FGF-2 than their nonhbrotic 
counterparts (/I). (B) The densitometric analysis. *P < 0.0S. 



(187.8 ± 8.9%) at a concentration of 1 ng/mL. The maxi- 
mum increase was seen with a concentration of 10 ng/mL 
after 72 hours (267.3 ± 24.9%). Figure 8 summarizes the 
findings obtained with bromodeoxyuridine incorpora- 
tion after stimulation with FGF-2 at a concentration of 
I ng/mL for 72 hours in three of the five fibroblast lines. 
F25 and F26 were isolated from biopsies of patients 25 
and 26, displaying increased interstitial volumes because 
of fibrosis of 41 and 42%, respectively. Conversely, F34 
originated from patient 34 with tubulointerstitial nephri- 
tis and no interstitial scarring. Bromodeoxyuridine incor- 
poration was increased between 166.3 ± 3.2% in F34 
cells and 247.0 ± 15.4% in F26 fibroblasts. This increase 
could be specifically inhibited by addition of a neutraliz- 
ing antibody to FGF-2, whereas a nonrelevant IgG did 
not have an effect on FGF-2-induced proliferation. In- 
terestingly, the addition of the FGF-2 neutralizing anti- 
body alone did decrease bromodeoxyuridine incorpora- 
tion in all five fibroblast lines. However, because of the 
low level of basal proliferative activity, that decrease was 
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Fig. 6. In situ hybridizations for FGF-2 in normal control kidney grid end-stage kidneys. There is mi slHining in a normal kidney hybridized with 
the FGF-2 sense nboprobe (A). Hybridization of a normal kidney with the FGF-2 amisense riboprobe revealed fainl staining of some glomerular 
tubular vascular artel interstitial (arrows) cells. The hybridization signal was robustly up-regulated in kidneys from patients with end-stage renal 
disease (C and D). Staining for FGF-2 mRNA was concentrated within the interstitium (C) and in some tubular cells (D), even in some tubules 
that appear atrophic (C). Conversely, there was no increased staining for FGF-2 mRNA within glomeruli. Orkinal magnification X200 (A B and 
D) and X100 (C). " * ' ' 
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statistically significant in only three cell lines (maximum 
inhibition 31.5% in F25 cells). Conversely, the addition 
of the nonrclevant IgG resulted in either no change or 
an increase in bromodcoxyuridine uptake. In a third set 
of proliferation experiments, bromodcoxyuridine incor- 
poration essays were confirmed by cell counting. In these 
experiments, cell numbers increased dose dependency 
to a maximal 234.3 ± 15.8% (P < 0.01) in F25 and to 
197.4 ± 18.6% (P < 0.01 ) in F34 fibroblasts after 96 hours 
of incubation at a concentration of 10 ng/mL. Again, 
the higher concentration (100 ng/mL) did not have any 
superior effect to the 10 ng/mL concentration. There was 
no additional effect of heparin, which by itself caused a 
slight reduction in proliferation (maximum inhibition of 
18.9 ■£ 4.5%; NS). 

Activation of fibroblasts into so-called myofibroblasts 
represents a key step in renal fibrogenesis. Wc evaluated 
the effects of FGF-2 on the expression of ot-smooth mus- 



cle actin, which serves as a marker for myofibroblast 
formation. In two primary cortical fibroblast lines, F6 
isolated from a kidney with mild interstitial scarring (in- 
terstitial volume 38%) and F39 from a kidney with an 
interstitial volume of 71%, FGF-2 resulted in a lime- 
and dose-dependent induction of a-smoolh muscle actin 
expression. Figure 9 summarizes the results observed 
after 72 hours. The increase was similar to that obtained 
with TGF-|J1 (increase of ot-smooth muscle actin-posilive 
cells from 52.3 ± 3.3 to 82.3 ± 1.9% after 72 hours of 
incubation with 1 ng/mL FGF-2; P < 0.01). Of course, 
we do not know if these changes were due to de novo 
expression of ot-smooth muscle actin or due to clonal 
selection of positive cells caused by cell population heter- 
ogeneity. 

Finally, the influence of FGF-2 on extracellular matrix 
synthesis was evaluated by ELISAs for collagen type I 
and fibronectin in F6 and F39 fibroblasts. Whereas 
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Fig. 7. Expression of FGF-2 and FGFR-1 in seven primary eitrtica) 
fibroblast lines. (A) The expression of FGFR-1. (B) The expression of 
FGF-2 by immunoblol analyses. F33 and F34 were isolated Irom kidney 
biopsies without interstitial scarring, and the other five fibroblast lines 
were from kidneys with moderate (F25 and F26) and severe interstitial 
scarring (F24, F31, and F39), 'There was a good correlation between 
the degree of interstitial scarring and the expression of FGF-2, however, 
no such correlation could be found regarding the expression of FGFR-1 
(discussed in the Results section). 



TGF-pi (at a concentration of 1 ng/mL) increased secre- 
tion of collagen type I (from 101.0 ± 9.8 ng/10 3 cells to 
1018.9 ± 98.5 ng/io 3 cells in F39 fibroblasts after stimula- 
tion for 48h) and fibronectin (from31.8 ± 4.5 u.g/10' cells 
to 48.7 ± 3.5 p.g/10 3 cells, again after 48 h of stimulation) 
compared with controls in both cell lines, no significant 
effect could be observed using three different concentra- 
tions of FGF-2, although there was a tendency for a 
decrease in secretion for collagen type 1 in both cell lines 
(data not shown). 

Increased FGF-2 expression correlates wilh increased 
interstitial and tubular MIB-1 staining 

After having established that FGF-2 is a mitogen for 
human cortical kidney fibroblasts in vitro, we tried to 
determine whether increased FGF-2 expression was cor- 
related with increased proliferative activity in vivo. Thus, 
wc stained for expression o£ the Ki-67 antigen, which is 
associated with cell proliferation using the MTB-t anti- 
body. Wc were able to perform stainings for MIB-1 in 
cortical tissue from 24 patients and 8 normal controls. 
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Fig. 8. Effects of FGF-2 on proliferation in primary cortical fibroblasts. 

FGF-2 was added in a concentration 1.0 ng/mL to F26 (A), F25 (B). 
and F34 (C) fibroblasts and proliferation was determined after 72 hours 
by bromddcoxyiiridine incorporation. Specificity was determined by 
the addition of a neutralizing FGF-2 antibody and a nonspecific immu- 
noglobulin (1'gG). FGF-2 induced a robust proliferative response in 
all three fibroblast lines, which could be blocked specifically by the 
neutralizing FGF-2 antibody. The addition of the neutralizing FGF-2 
antibody alone resulted in n significant inhibition of proliferation in 
two of the three tested cell lines, whereas the nonspecific IgG resulted 
rather in a promilogenic response. Values ure given in percentage of 
negative control (Iscovc's medium) and arc a mean of five independent 
experiments. All experiments were conducted in triplicates. "P < 0.05 
vs. control: **P < 0.01 vs. control. 



Fifteen patient specimens could not be analyzed because 
of the lack of tissue that had been used up for other 
purposes (specimens from patients 5, 7, 14 through 17, 
21, 23, 27, 29, 30, 32, and 35 through 37). In normal 
kidneys, only few interstitial and tubular celLs displayed 
MIB-1 positivity (median 1.5 in both; Fig. 10A), whereas 
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Fig. 9. Expression of a-smooth muscle avtin 
in primary cortical fibroblasts. The number 
of fli-smooth muscle actin-positivc cells was 
determined after incubation with three differ- 
ent concentrations of FGF-2 (0.1. 1.0. or 10 
ng/mL) for 48 hours. Iscove's medium served 
as a negative control, and TGF-pl (1 ng/niL) 
served as a positive control. FGF-2 induced 
the expression of a-smooth muscle actin in 
both cell lines significantly. **P < 0.01 vs. 
control. 
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the number of M1B-1 -positive cells was considerably 
higher in patient specimens (median 13.5, P.- 0.001 in 
interstitial, median 9.0, P = 0.008 in tubular cells; Fig. 
10 B-D). The highest number of MlB-l-positive cells 
within the interstitium was observed in the two biopsies 
from patients with tubiilointerstitial nephritis (numbers 
33 and 34), which is not surprising given the high prolifer- 
ative activity of infiltrating monocytes/macrophages and 
lymphocytes. When the number of MIB-l-positive cells 
was correlated with the semiquantitative FGF-2 staining, 
there was a positive correlation with the number of inter- 
stitial (r = 0.48, P < 0.01) and tubular (r = 0.53, P < 
0.01) positive cells. However, the correlation was much 
more robust when we omitted the two patients with acute 
interstitial nephritis, who had a high proliferative activity 
of infiltrating mononuclear cells but a low level intersti- 
tial FGF-2 staining. In that case (N = 30), correlation 
of FGF-2 staining with MIB-l-positive interstitial cells 
(r = 0.71, P < 0.01) and tubular cells (r = 0.66, P < 
0.01) was much better. The results arc displayed in Figure 
11. Thus, the results of the MIB-1 staining demonstrate 
that FGF-2 positivily is correlated positively with the 
number of MIB-l-positivc cells within the interstitium 
and in tubular epithelia in scarring processes. This was 
even true when glomerular diseases were analyzed sepa- 
rately with a positive correlation between FGF-2 staining 
and interstitial MIB-1 positivity (r = 0.64, P < 0.05), 
although the number of analyzed tissues was small (N = 



11). There does not seem to be a correlation of FGF-2 
staining with acute inflammatory processes, although the 
number of tissues studied is too limited in that regard. 

DISCUSSION 

Virtually all forms of chronic progressive renal disease 
are accompanied by changes in the tubulointerstitium, 
irrespective of the primary renal disease [38]. This is not 
surprising since renal tubules, interstitium, and vascula- 
ture comprise moie than 80% of the renal cortex {39]. 
Tubulointerstitial changes consist of interstitial inflam- 
mation followed by fibrosis, tubular atrophy, and dila- 
tion. Along with glomerular scarring, interstitial fibrosis 
is an accurate predictor of renal function, even for pri- 
mary glomerular diseases [29]. One of the most per- 
plexing features of renal fibrogenesis is the fact that 
fibrosis often progresses despite resolution of the pri- 
mary inflammatory stimulus [40]. Thus, we and others 
have propagated the existence of autocrine cytokine 
loops, which may represent one of the key differences 
between regular wound healing and scarring [41-43]. 

The current studies that combined descriptions! and 
functional analyses were undertaken to elucidate the 
role of FGF-2 in renal fibrogenesis. We have carefully 
analyzed the usefulness of the antibody used in our study 
given the controversial information regarding the detec- 
tion of FGF-2. Different splice variants may be the rea- 
son that a variety of studies came to different conclusions 
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Fig. 10. Iirnnunohistochcmirol staining for MIB-l-positive cells. Whereas normal kidneys displayed either no or only occasional M1B-1 positive 
ceils (A), Staining of kidneys with variable degrees of interstitial scarring demonstrate positive tubular and interstitial cells (highlighted by arrows). 
(«) Taken from patient 4 (IgA nephritis, interstitial space 46%, FGF-2 + + + ). (C) Taken from patient 36 (SLE, interstitial space 42%, FGK-2 ++). 
(D) Taken from patient 10 (end-stage renal disease caused by amyloidosis, interstitial space 68%, FGF-2 + + + ). Original magnification X400. 
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regarding the localization of FGF-2. As was shown in 
the medullary Tk 173 and Tk 188 fibroblasts, the Ab-2 
antibody mainly detects the 18 kD band, but also the 
22.5 and 24 kD bands described previously [35]. These 
higher molecular weight forms may target intracellular 
FGF-2 to a nuclear localization [44]; however, their exact 
role is currently unclear. The higher molecular weight 
forms could not be detected in our primary cortical fibro- 
blasts. Thus, the 18 kD band seems to be the dominating 
isoform in kidney fibroblasts. 

Our study demonstrates that FGF-2 protein can be 
detected in glomerular, vascular, a few (mainly distal) 
tubular, as well as interstitial fibroblast-like cells in nor- 
mal human kidneys. In cryosections, more interstitial 
cells were labeled than in paraffin-embedded tissue sec- 
tions, which may explain the differences to the study by 
Floege el al, who described only occasional interstitial 
cell positivity [18]. The in situ hybridizations confirmed 
that the same cells that stain positive for FGF-2 in cyro- 



sections also synthesize FGF-2 mRNA. In addition, we 
have demonstrated for the first time that the expression 
of FGF-2 protein and mRNA is increased in kidneys 
with tubulointerstitial scarring, irrespective of the pri- 
mary disease. Furthermore, our study has shown that 
primary cortical fibroblasts express FGF-2 and one of 
its high-affinity receptors. FGF-2 causes a robust induc- 
tion in proliferation in these cells and induces a-smooth 
muscle actin expression as marker for myofibroblast for- 
mation but has no major effect on synthesis of collagen 
type I and fibronectin. Proliferative activity in tubular 
epithelial and interstitial cells is increased in diseased 
human kidneys and correlates with staining for FGF-2. 
Finally, basal proliferation in cortical fibroblasts can be 
reduced by the addition of a neutralizing antibody to 
FGF-2, pointing to a possible autocrine mechanism of 
fibroblast proliferation. Thus, our study provides evi- 
dence for the existence of an autocrine loop in human 
renal fibrogenesis, which is characterized by constitutive 
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Fig. 11. Correlation of interstitial FGF-2 labeling tvilh MIB-l-positive 
interstitial (4) and tubular epithelial (A) cells. There was a positive 
correlation between semiquantitative FGF-2 labeling and the number 
of proliferating interstitial (A; P < 0.01. r = 0.71), as well as tubular 
epithelial (B; P < 0.01, r = 0.66) cells. Two CHses of acute lubulointerxti- 
tial nephritis have been omitted for this analysis (see results for details). 
The r depicts the value for Spearman's rank order coefficient. 



expression of FGF-2 and its receptors, up-regulation in 
disease state, induction of proliferation, and decreased 
proliferation after neutralization of the cytokine. 

The increased expression of FGF-2 in renal fibrogen- 
esis, although demonstrated for the first time, is not sur- 
prising. The association of FGF-2 expression with prolif- 
erative fibrogenesis was first demonstrated by Gonzalez 
et al in patients with Dupuytren's contracture [45]. They 
noted already intense staining for FGF-2 associated with 
increased synthesis for FGF-2 and FGFR-1 mRNA in 
fibroblasts. Charlotte ct al found increased expression 
of FGF-2 in the carbon tetrachloride model of rat liver 
fibrosis [46]. In that study, FGF-2 expression was local- 
ized to myofibroblastic liver cells. Interestingly, FGF-2 



knockout mice display delayed wound healing [47], fur- 
ther pointing to a critical role for the cytokine in matrix 
formation. Unlike most other polypeptide growth fac- 
tors. FGF-2 lacks a conventional leader sequence for 
secretion, and the mechanisms for its release are still 
unclear [11]. Chronically injured cells, however, release 
FGF-2 efficiently, and the mitogenic effect of the cyto- 
kine is potentiated by tissue injury [48]. In addition, as 
was originally shown by Mignatti, Morimoto, and Rifkin, 
FGF-2 may be secreted by viable cells [49]. 

What is the role of proliferation in renal fibrogenesis? 
Proliferation was thought to play only a little role, if at 
all, in the progression of renal disease. However, as was 
demonstrated by Nadasdy et al in a study of 28 human 
end-stage kidneys, even scarred kidneys display high pro- 
liferative activity in tubuli and interstitial cells [50]. Simi- 
lar results were recently described by Thomas et al in 
the subtotal nephrectomy model of chronic renal failure 
[51]. These findings are corroborated by our study. It 
is intriguing to speculate that fibroblasts and tubular 
epithelial cells stimulate each other in the process of 
renal fibrogenesis, as indicated by the paralleled prolifer- 
ation. We and others have recently demonstrated that 
tubular epithelial cells may acquire certain characteris- 
tics of fibroblasts [27, 52]. Although we did not examine 
this aspect in the current study, FGF-2 may be a candi- 
date cytokine that could play a role in that process. 
Clearly, the interaction between tubular epithelial cells 
and fibroblasts plays a role not only in the initiation of 
interstitial inflammation, but also in progressive renal 
scarring. In the study by Ray et al in their transgenic 
mouse model oE HlV-associatcd nephropathy, FGF-2 
detection was associated with interstitial areas that con- 
tained both cell injury and proliferation [25], Thus, pro- 
liferation does play a critical role in the progression of 
renal disease, and autocrine/paracrine secretion of FGF-2 
may be important in the perpetuation of the process. 
Autocrine stimulation of cell proliferation caused by 
FGF-2 has been described in a number of cells, including 
tubular epithelial [43], endothelial [53], and vascular 
smooth muscle [54] cells. In these cell types, as in cortical 
fibroblasts, the efficacy of the neutralizing antibody indi- 
cates that the protein does get secreted before binding 
to its receptors. 

Basic fibroblast growth factor exerts its effects via low- 
and four high-affinity receptors. The high-affinity recep- 
tors consist of four transmembrane tyrosine kinases 
(FGFR-1 to -4) [11]. Our study has demonstrated that 
primary cortical fibroblasts express FGFR-1 , also known 
us fig, and heparan sulfate proteoglycan, which potenti- 
ates the binding to the high-affinity receptors [55]. Flocge 
el al noted occasional interstitial staining for fig [18]. In 
our study, only three of the five examined fibroblast lines 
from kidneys with interstitial fibrosis displayed an up- 
regulated expression for FGFR-1. One possible explana- 
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lion is the redundancy of the fibroblast receptor system, 
including multiple splice variants. In a recent study by 
Ford et al, all seven receptor isoforms assayed by the 
group were expressed in whole cortex by reverse tran- 
scription-polymerase chain reaction assay [56]. Thus, in- 
creased expression of one of the other high-affinity re- 
ceptors may explain the lack of up-regulation of FGFR-1 
in two kidneys with interstitial scarring. Alternatively, 
down-regulation of FGFR-1 during a late stage of fibro- 
genesis may protect the kidney from uncontrolled prolif- 
eration. The mechanism of overexpression of FGF-2 and 
FGFR-1 has been described in certain tumor cells, in- 
cluding human hepatoma cells [57]. 

Heparan sulfate proteoglycan is a low-affinity receptor 
for FGF-2. Its expression in all seven primary cortical 
fibroblasts may explain why heparin (which otherwise is 
known to increase the proliferative effects of FGF-2) 
did not have any additional effects on proliferation. Con- 
versely, the slight reduction in proliferation caused by 
heparin itself may be explained by competition with this 
low-affinity receptor [58]. 

Our findings of FGF-2 and FGFR-1 detection in hu- 
man kidney fibroblasts or fibroblast-like cells are in con- 
cordance with observations by other groups in dermal 
[59], mammary gland [60], and human liver [61] fibro- 
blasts. However, we extend those findings, demonstra- 
ting that renal fibroblasts (or fibroblast-like cells) do 
express FGF-2 in vivo as well. The interstitial cells that 
express FGF-2. are predominantly renal fibroblast-like 
cells as shown by double labelings. Vimenlin, a-smooth 
muscle actin, CD 44, and CD 54 are all markers for 
fibroblasts in the kidney |36, 37]. However, though al- 
most all CD 44- and CD 54-positive cells within the 
interstitium expressed FGF-2. some interstitial cells dis- 
played exclusive FGF-2 positivity. In addition, a number 
of a-smooth muscle actin-positive cells were negative for 
FGF-2. Renal interstitial fibroblasts are a heterogeneous 
population [62], and studies on these cells are still ham- 
pered by the lack of a definite fibroblast marker [1]. Most 
of these cells seem to express FGF-2 in vivo, although 
some subpopulations may not. Conversely, some nonfi- 
broblast cells such as monocytes/macrophages or den- 
dritic cells express FGF-2, although the majority of these 
cells do not under normal conditions. 

Previous studies suggested that extrarenal sources may 
contribute to FGF-2 deposition in the kidney [25]. Al- 
though we cannot completely exclude that possibility, it 
seems unlikely given the marked up-regulation of FGF-2 
mRNA synthesis in fibrotic kidneys, as demonstrated by 
the in situ hybridization studies. Increased staining for 
FGF-2 in renal disease has been described before in 
various animal models [1 4, 25] and in patients with focal 
and segmental glomerulosclerosis and IgA nephropathy 
[63]. In that latter study, FGF-2 could be detected in 
glomeruli and in areas of tubulointerstitial damage, cor- 



relating with the degree of interstitial injury. Morita et 
al examined the expression of FGF-2 binding domains 
in human kidneys. FGF-2 binding heparan sulfate do- 
mains are present in the basement membrane proteogly- 
can perlecan, but are absent from other glycosaminogly- 
cans such as (ibroglycau and glypican [64]. Heparan 
sulfate was detected in sections with glomerular sclerosis 
and interstitial fibrosis; however, only the fibrotic sec- 
tions contained FGF-2 binding [65]. Interestingly, a small 
population of macrophage-like parenchymal cells was 
identified in that study which expressed the FGF-2- 
binding domain on the cell surface, which is in concor- 
dance with the results of our study. 

No significant effect of FGF-2 on synthesis of matrix 
components was observed in our study, although there 
was a tendency for decreased synthesis of collagen type I. 
Decreased synthesis of collagen type 1 in cells of mesen- 
chymal origin after incubation with FGF-2 has been de- 
scribed before. Tan et al, for example, demonstrated a 
down-regulation of collagen gene expression in keloid 
fibroblasts [66]. Thus, unlike TGF-0 1 , a role of FGF-2 
in the accumulation of extracellular matrix is not sup- 
ported by our study nor by the literature. However, 
FGF-2 does induce expression of a-smooth muscle actin 
as an indicator of myofibroblast formation. In that re- 
gard, it is similar to TGF^l, which is the prototype of 
a profibrogenic cytokine in the kidney. Expression of 
a-smooth muscle actin has been correlated with intersti- 
tial matrix formation and even with prognosis in a num- 
ber of studies in the kidney [67] and other organs [68]. 
It certainly represents a critical step in fibrogenesis [69 1. 

In summary, we have demonstrated that FGF-2 is ex- 
pressed in interstitial fibroblast-like cells and that it is 
robustly up-regulated within these and tubular epithelial 
cells in human kidney fibrosis. Whereas FGF-2 docs not 
seem to play a role in interstitial matrix production, it 
may have a critical role in fibroblast proliferation and 
myofibroblast formation. The continuity of fibroblast 
proliferation is probably one of the major differences 
between fibrosis and restitutional healing. Our study 
points to an important role of FGF-2 in that process. 
Clearly, further studies are necessary that delineate the 
differences between regular wound healing with uo or 
minor scar formation and interstitial fibrosis resulting in 
progressive loss of organ function. 
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APPENDIX 

Abbreviations used in this article are: ABC. avidin-biotiu complex; 
CRF, chronic renal failure; DMF.M, Dnlbecco's modified Eagle's me- 
dium; ED TA. ethylertediaminetetraaceiic acid; ELISA. enzyme-linked 
immunosorbent assay; ESRD, end-stage renal disease; FACS, fluores- 
cence activated cell sorting; FCS, fetal calf scrum; FGF-l, acidic fibro- 
blast growth factor; FGF-2, basic fibroblast growth factor; FGFR-I , 
fibroblast growth factor receptor-1; FSGS, focal segmental glomerulo- 
sclerosis: MGN, membranous glomerulonephritis; PBS, phosphate- 
buffered saline; PDGF, platelet-derived growth factor; RPGN, rapidly 
progressive glomerulonephritis; SDS, sodium dodecyl sulfate: SSC, 
standard saline citrate; TGF-B. transforming growth factor-p: and TIN, 
acute lubuloimcrstitia! nephritis. 
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Rat kidney glutamyl aminopeptidase (aminopeptidase A): 
molecular identity and cellular localization 

LLIUN SONG, MINGQI YE, MARTA TROYANOVSKAYA, 
ELIZABETH WILK, SHERWIN WILK, AND DENNIS P. HEALY 

Department of Pharmacology, Mount Sinai School of Medicine, City University of New York, 
New York, New York 10029 



Song, Lijun, Mingqi Ye, Marta Troyanovskaya, Eliza- 
beth Wilk, Sherwin Wilk, and Dennis P. Healy. Rat 

kidney glutamyl aminopeptidase (aminopeptidase A): molecu- 
lar identity and cellular localization. Am. J. Physiol. 267. 
(Renal Fluid Electrolyte Physiol. 36): F546-F557, 1994.— 
Glutamyl aminopeptidase [aminopeptidase A (EAP), EC 
3.4.11. 7] is an eetoenzyme that selectively hydrolyzes acidic 
amino acid residues from the amino terminus of oligopeptides. 
EAP activity is highest within the kidney and small intestine. 
The murine pre-B cell BP-1/6C3 and the human kidney 
glycoprotein gpl60 differentiation antigens have been re- 
ported to have biochemical properties indistinguishable from 
EAP. It is not known, however, if rat kidney EAP is a 
homologue of these antigens or molecularly distinct. Using the 
reverse tranacription-polymerase chain reaction method with 
oligonucleotide primers based on the' BP-1/6C3 nucleotide 
sequence, we isolated a 450-bp partial cDNA from rat kidney 
poly(A) ' RNA. The partial cDNA encoded a predicted protein 
that was 92% and 86% identical to the murine BP-1/6C3 and 
human gpl60 antigens, respectively; the amino acid sequence 
within the zinc-binding domain was completely conserved. 
Purification of EAP from rat kidney and microsequencc 
analysis of- a tryptic digest peptide fragment (18-mer) indi- 
cated that the fragment was highly similar to a region within 
the BP-1/6C3 and gpl60 proteins. Northern blot hybridiza- 
tion and immunoblot analyses were also consistent' with 
labeling of products the same size as reported for the BP-1/ 
6C3 and gpl60 antigens. There was a good correlation between 
the cellular distribution of EAP mRNA and EAP immunoreac- 
tivity, with proximal tubules and glomerular mesangial cells 
having the highest densities. These results indicate that rat 
kidney EAP is a species homologue of the murine BP-1/6G3 
and human gpl60 antigens. Furthermore, on the basis of its 
cellular localization, rat kidney EAP is likely to be involved in 
degradation of oligopeptides within the glomerulus and the 
glomerular nitrate. Since cells that express EAP also express 
receptors for angiotensin II, an intrarenal vasoactive hormone 
that is a substrate for EAP, these results further suggest that 
EAP may play a role in modulating the activity of intrarenal 
angiotensin II. 

aminopeptidase A; angiotensinase; angiotensin II; proximal 
tubules; mesangial cells 



glutamyl aminopeptidase [aminopeptidase A (EAP), 
EC 3.4.11.7J is an ectoenzyme that selectively hydro- 
lyzes ammo-terminal glutamyl and aspartyl residues 
from oligopeptides (11). EAP levels are highest within 
the brush border of kidney proximal tubules and entero- 
cytes of the small intestine, areas that are enriched with 
peptidases (10, 20). At these sites EAP is believed to 
participate in the degradation of oligopeptides for nutri- 
tive purposes. EAP has also been shown to be an 
"angiotensinase," hydrolyzing the biologically active 



peptide [Asp^angiotensin II (ANG II) to [cfes-Asp'JANG 
II (ANG III) in the circulation (1, 21). In the kidney, 
ANG II decreases renal blood flow and increases proxi- 
mal tubule reabsoiption of sodium (15, 19). In addition, 
all the components of the renin-angiotensin system have 
been localized within the kidney (32), suggesting that an 
intrarenal renin-angiotensin system may play an impor- 
tant role in kidney function (3, 22). The importance of 
EAP in modulating ANG II activity within the kidney 
has not been determined. . 

Recent cloning and functional expression studies indi- 
cate that two previously characterized dilferentiation 
antigens have biochemical and enzymological properties 
indistinguishable from EAP. The murine pre-B cell 
differentiation antigen BP-1/6C3 has sequence homol- 
ogy with members of the zinc-dependent metalloenzyme 
family (36, 37) and EAP-like activity when expressed in 
vitro (33). More recently, the human kidney differentia- 
tion antigen glycoprotein gpl60 was purified and cloned 
and found to be 78% identical to BP-1/6C3 (26). Renal 
cell carcinomas expressing gpl60 have EAP activity, and 
immunopreeipitation of gpl60 depletes cells of EAP 
activity. Moreover, isolation of cDNA clones from hu- 
man kidney cDNA libraries indicates that the differentia- 
tion antigens and the kidney transcripts are identical 
(23, 26). Thus these lines of evidence indicate that the 
BP-1/6C3 and gp!60 antigens represent a form of 
kidney EAP. 

Purification studies indicate that EAP exists as a 
homodimer with molecular mass ranging from 247 to 
300 kDa, with the monomeric form having a molecular 
mass ranging from 120 to 140 kDa under dissociating 
conditions (34). Some heterogeneity in the size of the 
monomeric forms has been reported (6, 13, 17). Herzig 
et al. (17) have reported that purification of bromelain- 
solubilized EAP from human kidnr yielded two 160- 
forms, a 127-kDa form that was localized to glomeruli 
and tubules and a 117-kDa form that was localized 
primarily to tubules. The relationship between the EAP 
isoforms and the gp!60 antigen in human kidney has 
not been determined. We have reported that immuno- 
blots with purified rat EAP yield only a single band, 
whereas immunoblots with kidney homogenates yielded 
two bands of 136 and 101 kDa on sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 
(31). It is not clear whether the smaller forms of EAP 
seen in immunoblots represent multiple isoforms of 
EAP, partial proteolytic digestion of the native enzyme, 
or cross-reactivity with" a closely related enzyme(s) . 

In an effort to characterize the rat kidney form of 
EAP, we used the reverse transcription-polymerase 
chain reaction (RT-PCR) procedure with oligonucleotide 
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Fig. 1; Agarose gel electrophoresis of polymerase chain reaction 
|. : (PCR) products frbni-amplification of rat kidney .eurtex cDNA with 
I mouse BP-1/6C3 primers. Lane I, DNA markers (1,353; 1,078; 872; 
|. 603; and 310 bp, top to bottom); lane 2, 25 cycles; lane 3, second round 
| . . of 26 cycles. Note that an intense reaction product of the expected size 

(arrowhead, 450 bp) was seen after 25 cycles (lane 2), which was then 
|, reamplified an additional 25 cycles (lane 3). 

| -primers based on the murine BP-1/6C3 sequence to 
|'' isolate a partial cDNA for rat kidney EAP. The partial 
| cDNA was then used to synthesize radiolabeled syn- 
f; : , thetic antisense RNA (riboprobes) that could be used to 
I localize EAP mRNA by in situ hybridization. The distri- 
|\ bution of the EAP mRNA was then correlated with the 

* distribution of EAP immunoreactivity. 

1 : METHODS 

I PCR analysis. Poly{A) + RNA was isolated from the kidney 
f by first isolating total RNA (5), followed by passage over an 
| oligo(dT) cellulose column (28). First-strand cDNA synthesis 
| was performed with poly(A)-' RNA as template in the presence 
). of reverse transcriptase and an o%o(dT) primer (Superscript 
I RNA reverse transcriptase; BRL, Gaithersburg, MD). The 

• PCR primers were designed to amplify an ~ 450-bp region of 
; the BP-1/6C3 cDNA that includes the zinc-binding domain of 
I the processed protein; sense primer (EAP-1) corresponding to 
, nucleotides 1228-1250 of the murine BP-1/6C3 antigen, 5' 

; GAGATGGTGGATGACAACTGGAA 3'; antisense primer 
' (EAP-2) corresponding to nucleotides 1651-1674 of BP-1/ 
: 6C3, 5' CCACAAGTCGTCCCACCAGTCCAT 3'. Each primer 

contained an additional 10 nucleotides encoding an Xho I 
\ restriction site at the 5 ' end that was used for eubcloning of the 

amplified cDNA into a plasmid vector. Kidney cDNA was 
: submitted to 25 cycles of PCR amplification with PCR primers 



in the presence of Tag DNA polymerase in the following 
sequence: first cycle 5 min at 94°C, 2 min at 55°C, 3 min at 
72°C; subsequent cycles 1 min at 94^, 2 min at 50°C, and 3 
min at 72°C; last cycle 1 min at 94°C, 2 min at 50°C, and 10 min 
at 72°C. The PCR products were then separated on a 1% 
agarose gel, and the bands were examined under ultraviolet 
illumination. PCR controls included /) amplification with 
template but without primers, 2) amplification with mRNA 
without the RT step, and 3) amplification without template. 

The PCR-amplified product was then subcloned into a 
plasmid (TA cloning vector, Invitrogen, San Diego, CA) and 
used for transformation of INVorF competent Escherichia coli. 
Positive transformants containing plasm ids with inserts were 
selected by growing bacteria on Luria-Bertani plates contain- 
ing kanamycin, isopropyl-0 T n-thiogalactopyranoside and Bluo- 
Gal. Plasmids were isolated from minicultures and digested 
with Xho I. Plasmids containing the PCR product were then 
sequenced directly by the dideoxynucieotide chain-termina- 
tion method with fa- 32 P]dATP and sequence-specific oligo- 
nucleotide primers (Sequenase, United States Biochemical, 
Cleveland, OH). 

Northern blot analysis. Total RNA (10 (ig) from rat kidney 
and jejunum were size fractionated by electrophoresis on a 1% 
agarose-formaldehyde gel and transferred to Micron Separa- 
tion (Westboro, MA) nitrocellulose membrane and fixed by 
baking for 2 h at 80°C. Membranes were prehybridized 4 h at 
39°C in hybridization buffer [25 mM potassium phosphate (pH 
7.4), 5x SSC (lx SSC is 0.15 M NaCl and 0.015 M sodium 
citrate, pH 7.0), 5x Denhardt's solution, 50 p-g/ml denatured 
salmon sperm DNA, and 50% formamidej. The membranes 
were transferred to fresh hybridization buffer containing 
3:! P-labeled probe and 10% dextran sulfate and incubated 
overnight at 39°C. The filters were then washed two times 
each in 2x SSC and 1 x SSC at room temporature, followed by 
a single wash in 0. 1 x SSC at 55°C. 

The radiolabeled probe was prepared by excision of the 
partial cDNA PCR product (50-80 ng) from the plasmid with 
Xho I, random priming with hexanucleotides and 50 u,Ci of 
[ft-^ldCTP (New England Biolab kit), and extension with 
DNA polymerase 1. Specific activity of the probe was ~5 x 10 s 
counts • min ~ 1 • u.g ~ \ 

Isolation of glomeruli. Rat kidney glomeruli were isolated 
according to the procedure of Fujiwara et al. (8) with some 
modifications. Briefly, eight Sprague-Dawley rats (200 g) were 
killed, and the kidneys were removed and placed in ice-cold 
Dulbecco's phosphate-buffered saline (PBS), pH 7.4, contain- 
ing (in mM) 137 NaCl, 2.7 KC1, 8.1 Na 2 HP0 4 , 1.5 KH 2 PO«, 0.9 
CaCI 2 , 0.49 MgCl 2 , and 5.6 glucose. The cortex was dissected 
and minced to paste-like consistency and then suspended in 
cold Dulbecco's PBS. The suspension was passed through a 
25-gBuge needle repeatedly and pushed successively through 
200-jun and 150-|*m sieves. The glomeruli were collected on a 
50- urn sieve that was washed with Dulbecco's PBS. The purity 
of the isolated glomeruli was confirmed by light microscopy. 

Enzyme activity. EAP activity was assayed with a-glutamyl- 
2-naphthylamide and a-aspartyl-2-napthylamide as sub- 
strates. Specific activities were expressed as units per milli- 
gram protein, where one unit equals the hydrolysis of 1 nmol 
substrate/min. 

Immunoblotting, Immunoblotting was conducted as de- 
scribed previously (31). Briefly, 35 jtg of protein were sepa- 
rated on a 10% SDS-PAGE gel run at 250 V for 2 h. The 
protein was transferred to an Immobilon membrane (Milli- 
pore, Bedford, MA) in a transfer apparatus containing transfer 
buffer of 25 mM tra(hydroxymothyl)aminomethane (Tris) 
base, 192 mM glycine, and 15% methanol at 70 V for 1 h. After 
transfer, the membrane was washed with PBS 2 x 5 min and 
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1 GAGATGGTGGATGACAACTGGAA GAAAACCACTTTCATGAAGTCCGTCCCGATGAGCACT 

61 TACCTGGTGTGCTTTGCTGTACATCAGTTCACCTCGATACAGAGAACATCCAGGAGTGGC 

121 AAACCACTCACTGTTTACGTCCAGCCCAACCAAAAGCAAACAGCAGAGTATGCGGCAAAC 

181 ATAACCAAAGCTGTGTTTGACTTCTTTGAAGACTACTTCGCTATGGAGTATTCTCTTCCG 

241 AAACTGGATAAAATTGCTATTCCAGATTTTGGCACCGGCGCCATGGAAAACTGGGGACTT 

301 GTCACTTACCGAGAAACAAACCTGCTTTATGACCCCCTGeTATCGGCCTCATCCAACCAG 

361 CAGAGAGTAGCCAGCGTGGTTGCCCACGAGCTCGTGCACCAGTGGTTTGGAAATATCGTG 

401 ACC ATGGACTGGTGGGACGACTTGTGG 

B 

Rat KTTFMKSVPMSTYLVCFAVHQFTSIQRTSRSGKPLTVYVQPNQKQ 

Mouse ' 265 . .'. .V R..A.E.K .K . .E 

Human 273 R. . .E D.VK.I.N I... .E..H 

Rat TAEYAANITKAVFDFFEDYFAMEYSLPKLDKIAIPDFGTGAMENW 

Mouse 310 V. . .Q Y A. ......... - 

Human . 318 S. . .Y. .E N 

Rat GLVTYRETNLLYDPLLSASSNQQRVASWAHKLVHQWFGNIVT 

Mouse 355 T • • 

Human 363 . .1....... KE T... 

Fig. 2. A: nucleotide Hequcncc of the partial cDNA obtained from rat kidney using oligonucleotide primers 
(underlined) based on the BP-1/6C3 sequence. B: deduced amino acid sequence of the partial cDNA from rat kidney 
compared with mouse BP-1/6C3 and human glycoprotein gpl60. Amino acids that are not identical in all 3 sequences 
are noted. (Numbers refer to published amino acid sequence of BP-1/6C3 and gpl60.) The putative zinc-binding 
domain (bold letters) was completely conserved. 

incubated with a blocking buffer containing 5% nonfat dry chromatography (31). DPP IV and mAAP were apparently 
milk and 0.02% sodium azide and agitated for 1 h. Blots were homogeneous as judged by SDS-PAGE. 
incubated with primary antiserum diluted 1:1,000 in PBS An aliquot of EAP was subjected to SDS-PAGE on a 12.5 k. 
containing 3% bovine serum albumin (BSA) for 12-18 h at gel. The protein was stained with Coomassrie blue and trans- 
4°C. The membranes were washed with PBS and incubated ferrcd to an Immobilon polyvinylidene fluoride membrane 
with pcrojridase-labeled goat secondary antibody at 37°C for 2 (Millipore). The band was excised and sent to the Yale Protein 
h. The membrane was washed with PBS and incubated with and Nucleic Acid Chemistry facility for trypsinization, high- 
0.6 mg/ml diaminobenzidine (Sigma, St. Louis, MO) in 50 mM performance liquid chromatography (HPLC) separation, and 
Tris-HCKpH 7.6) and containing 0.03% hydrogen peroxide for micTosequencing. 

5-10 min. The membrane was washed with PBS and then In situ hybridization. Four male Sprague-Dawley rats (1 /o- 
dried. 200 g) were decapitated, and the kidneys were removed and 

Specificity of the immunoblot staining was tested by preab- frozen to microtome chucks. Ten-micrometer cryostat sections 
sorbing the antiserum with purified EAP (1 p-g/ml), mem- were collected onto clean microscope slides subbed with 2% 
brane alanyl aminopeptidase (mAAP; aminopeptidase M, ami- 3-aminopropyltrietho3rysilane (Sigma). The sections were dried 
nopeptidase N; EC 3.4.11.2) (1 ug/ml), and dipeptidyl peptidase under vacuum for 10 min and then fixed with 3% paraformaJ- 
IV (DPP IV; EC 3.4.14.5) (1 ug/ml) and comparing the dehyc in phosphate buffer for 5 min, dehydrated, and vacuum 
staining pattern to antiserum that was not prcabsorbed. dried. A ^S-labeled riboprobe complementary to the EAP 

Enzyme purification and sequence determination. EAP was mRNA was transcribed in vitro using the cDNA as template, 
purified to apparent homogeneity from rat kidney using Radiolabeled sense strand RNA was synthesized m a similar 
affinity chromatography as described (31). DPP IV, mAAP, manner and used as a control. Probes were synthesized by 
and EAP copurify up to the phenyl Sepharose step. DPP TV is incubating 1 ug of linearized cDNA in a total reaction volume 
resolved from the other two enzymes by phenyl Sepharose of 12 u.1 containing 100 mM dithiothreitol, RNasin. 1 mM 
chromatography (34). mAAP is resolved from EAP by affinity unlabeled nucleotide triphosphates (ATP, GTP, and LT1 P>, 
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\ Fig. 3. Northern blot analyses of rat total HNA from kidney [lane 1 ) 
■■ : and small intestine (lane 2) probed with the kidney partial cDNA. Ten 
microgrome of total UNA was size fractionated on an agarose- 
.formaldehyde gel and transferred to nitrocellulose sheets. The blots 
were hybridized with ^P-labeled probes from the aminopeptidase A 
■.(EAP) partial cDNA clone. Blots were then washed under high- 
stringancy conditions and exposed overnight to X-ray film. 

100 u.M CTP, 10 pmol of PSICTP (New England Nuclear, sp 
act 1,220 Ci/mmol), and T7 or T3 polymerase for 1 h at 37°C. 
The template DNA was then digested with DNase and the 
labeled probe precipitated and resuspended in hybridization 
. buffer. The activity of the labeled riboprobe was ~8 x 10 3 
' counts' min" 1 • pj _1 . 

Slide-mounted sections were prehybridized for 2 h at 50°C 
in a 1:1 mixture of formamide and prehybridization buffer 
containing 0.6 M NaCl, 20 mM piperazine-JV^V'-bis(2-ethane- 
suironic acid) buffer (pH 6.7), lx Denhardt'a solution, 1 mM 
EDTA, 500 pg/ml yeast total RNA, 50 p-g/ml yeast tRNA, 1 
mg/ml salmon sperm DNA, and 500 jig/ml sodium pyrophos- 
phate. Hybridization hufier was identical to prehybridization 
buffer, except that it contained 2.5 uM u-thiol-nucleotide 
triphosphates and 200 mM dithiothreitol (Sigma). The slides 
were then transferred to hybridization solution comprised of a 
mixture of hybridization buffer, dextran sulfate, and for- 
mamide (4:1:5) and containing the 35 S-labeled riboprobe at a 
final concentration of 5 x 10 6 -10 7 counts min" 1 ml-'. Slides 
were incubated overnight at 50°C. The next day the sections 
were washed twice for 10 min at room temperature in 10 mM 
TrisHCl (pH 8), 0.3 M NaCl, 0.1% sodium pyrophosphate, 
and 10 mM dithiothreitol and then treated with RNase (30 
ug/ml) for 30 min at room temperature in 0.3 M NaCl, 10 mM 
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Tris HCl, and 1 mM EDTA. The RNase solution was then 
blotted off and the sections washed for 10 min at room 
temperature in 0.3 M NaCl, 2 mM Tris HCl, 1 mM EDTA 
0.05% sodium pyrophosphate, and 1 mM dithiothreitol fol- 
lowed by a 3-h wash at 50°C in 0.075 M NaCl, 2 mM Tris- HC1, 
1 mM EDTA, and 1 mM dithiothreitol. The slides were then 
transferred to fresh buffer and washed overnight at room 
temperature. The next day the sections were dehydrated for 2 
min each in 70% alcohol containing 300 mM ammonium 
acetate, 90% alcohol containing 300 mM ammonium acetate, 
and finally 100% alcohol. The sections were vacuum dried and 
exposed to Kodak XAR film for 1-20 days. After the film was 
developed, the slides were then dipped in liquid emulsion 
(Kodak NTB3, diluted 1:1) for high-resolution autoradiogra- 
phy. After exposure for 1-2 mo, the emulsion was developed, 
and the sections were counterstained lightly with cresyl violet, 
dehydrated, and coverslipped. 

Immunocytochemistry. Six male Sprague-Dawley rate (175- 
200 g, Charles River Breeding Laboratories, Wilmington, MA) 
were housed on a 12:12-h light-dark schedule and allowed free 
access to food and water. Rata not operated on were processed 
for immunocytochemistry as described previously (16). Briefly, 
animals were anesthetized with pentobarbital (50 mg/kg ip) 
and perfused transcardially with ~ 100 ml of PBS (pH 7.4) 
followed by 1 ml/g body wt of 5% paraformaldehyde in 0.3 M 
sodium phosphate buffer, pH 7.4, over a period of 10 min. The 
kidneys were removed and pnstfixed in the same fixative for 1 
h and then transferred through increasing concentrations of 
sucrose in PBS (2 h overnight) up to 18%. The kidneys were 
frozen to microtome chucks with powdered dry ice, and 20-p.m 
transverse sections were cut in the cryostat (-20°C) and 
mounted on subbed microscope slides. Sections were washed 
three times in PBS and preincubated for 30 min with 2% 
normal goat serum in PBS containing 0.1% Triton X-100. The 
goat serum was then removed and replaced by diluted immune 
sera (1:5,000 to 1:10,000) in PBS containing 0.1% Triton 
X-100 and 0.1% BSA The sections were then stored overnight 
at 4°C. The sections were rinsed with PBS and incubated with 
biotinylated goat anti-rabbit immunoglobulin G (Vector Labo- 
ratories) in a 1:222 dilution with PBS-Triton X-100- BSA. The 
sections were washed three times in PBS and incubated for 45 
min with streptavidin-horseradish peroxidase conjugate. Un- 
bound conjugate was removed by washing with PBS. The 
peroxidase reaction was developed by treating the sections 
with a freshly prepared 0.05% solution of 3,3'-diaminobenzi- 
dine (Sigma) containing 0.003% hydrogen peroxide in 50 mM 
phosphate buffer, pH 7.4, for 5-10 min. One-half of the slides 
were counterstained lightly with cresyl violet. All slides were 
dried, dehydrated in alcohol and xylene, coverslipped with 
Permount (Fisher Scientific, Pittsburgh, PA), and viewed 
under a Zeiss microscope. 

Additional immunocytochemical staining was conducted on 
kidney sections from nonperfused animals. The sections were 
prepared identically as described above for in situ hybridiza- 
tion, i.e., unfixed cryostat kidney sections were mounted on 
slides and fixed in 3% paraformaldehyde for 5 min. Sections 
were also processed identically for immunohistochemistry 
through the biotinylated secondary antibody step. After wash- 
ing, the slides were incubated with fluorescein isothiocyanate- 
labeled avidin (Vector Labs) at a dilution of 1:100 for 1 h at 
room temperature, washed, dried, and coverslipped with min- 
eral oil. Sections were viewed under a Zeiss microscope 
equipped with a mercury/xenon lamp and epifluorescence. 

Immunocytochemical controls consisted of staining in the 
presence of preimmunc serum or immune serum p reabsorbed 
with purified EAP, mAAP, and DPP rV at a concentration of 1 
Ug/ml. 
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Control +DPPIV +mAAP 

Fig. 4. Immunoblots of rut kidney EAP. Purified EAP (A) and homoi^iiatc protein (35 (ig/lanc) frum total kidney 
(K), outer medulla (M), and isolated glomeruli (G).were separated by SDS-polyacrylamidc gel electrophoresis under 
reducing conditions, transferred to nitrocellulose sheets, and immunostained with EAP antiserum (1:1,000 dilution). 
Size of labeled bands was determined by comparison to molecular mass markers (29-205 kDa). The staining pattern 
with control immune serum was compared with thatwith immune.serum preabsorbed with either 1 (ig/ml dipeptidyl 
peptidase IV (+DPP IV) or with l.ftg'/ml membrane alanyl aminopeptidase (+mAAP). The size of the putative EAP 
protein from this typical experiment (arrow) was 139 kDa. 



RESULTS 

Amplification of rat kidney cDNA with PCR primers 
based on the murine BP-1/6C3. sequence resulted in 
generation of a PCR product of the predicted size (Fig. 
1). Four clones were sequenced, and each contained 
identical cDNA inserts (Fig. 2). The 450-bp cDNAs were 
90% and 82% identical at the nucleotide level and 92% 
and 86% identical at the amino acid level to the BP-1/ 
6C3 and gpl60 differentiation antigen sequences, respec- 
tively (Fig. 2). Examination of the partial cDNA in the 
area encoding the zinc-binding domain indicated that 
the predicted amino acid sequence was identical to the 
zinc-binding domain of the BP-1/6C3 and gpl60 anti- 
gens (Fig. 2). 

Northern blot hybridization studies of rat kidney or 
jejunum total RNA with the rat partial cDNA resulted in 
strong hybridization of a band at 4.1 kb (Fig. 3). A less 
intense band was seen at 6.3 kb. 



Studies by Herzig et al. (17) suggested that one form 
of EAP was distributed on both tubules and glomeruli 
and a second isoform was expressed on tubules only. We 
therefore compared the SDS-PAGE immunoblpt stain- 
ing for EAP from isolated glomeruli to that seen with 
total kidney homogenates and outer medulla (enriched 
with tubular segments) homogenate. Immunoblots with 
EAP antiserum (1:1,000 dilution) typically resulted in 
labeling of three bands: 136 ± 0.9, 128 ± 0.9, and 106 ± 
1.2 kDa (ra = 5) (Fig. 4). A fourth lightly stained band 
was seen at ~ 50 kDa and was most prominent in the 
protein from the isolated glomeruli. The immunoblot 
pattern of staining was similar to that reported previ- 
ously for kidney homogenates (31) except that the 
diffuse upper band seen previously could now be sepa- 
rated into two distinct bands of 137 and 129 kDa. The 
outer medulla and the isolated glomeruli yielded a 
similar pattern of staining except that the staining was 



Rat EAP Gln-Val-Lys-Pro-Ile-Ala-xxx-Ser-Leu-Gly-xxx-Gln-xxx-Thr-Gly-Ser-xxx-Ile 

Murine , . .Gln-Val-Lvs-Pro-Val-Ala-Asp-Lou-Leu-Gly-Trp-Gln-Asp-Thr-Gly-Ser-His-Ile . . - 

BP-1/6C3 

Human - . Gln-Val-Lys-Pro-Ile-Ala-Asp-Ser-Leu-Gly-Tr^-Asn-Asp-Ajjt-Gly-A^-His-yal . . . 

gpl60 

Fig. 5. Amino acid sequence of a partial tryptic peptide of EAP purified Trom rat kidney. XXX, amino acids that could * 
not be identified with certainty. Amino acids from corresponding regions of BP- 1/6C3 or gpl 60 that wore not identical 
to the rat sequence are underlined. 
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l. F ig- 6. In situ hybridization of rat kidney EAP mRNA. Shown is an 
• autoradiogram of a transverse section of rat kidney incubated with an 

EAP antisense ^-labeled riboprobe and exposed to Kodak XAR film 
; for 3 days. The heaviest labeling was in the outer stripe (os) of the 

outer medulla, extending into the cortex (c) as the medullary raya. 

Cortical labeling was punctate, with the size and distribution sugges- 
; tive of glomeruli. The inner stripe (is) of the outer medulla and the 
■' inner medulla (im) were not labeled. Scale bar, 3 mm. 

; more intense with the isolated glomeruli. This is consis- 
tent with the EAP-specific activity being elevated in the 
isolated glomeruli compared with either the total kidney 
homogenate or the outer medulla homogenate: kidney 
13.3 + 2.3, outer medulla 13.5 ± 1.1, and glomeruli 
45.2 ± 4.7 n-mol h" 1 rag protein" 1 (« = 5). Interest- 
ingly, only a single band of 132 ±1.9 kDa was seen with 
EAP purified from rat kidney (Fig; 4). To determine if 
| the smaller bands were proteolytic products of the 
137-kDa band, we isolated kidney protein in the pres- 
ence of a battery of protease inhibitors (18). Immuno- 
: staining of kidney protein under these conditions did 
not alter the pattern of the immunostaining (data not 
shown). Previous studies indicated that preabsorption 
of the EAP antiserum with purified kidney EAP com- 
pletely blocked the immunoblot staining (31), results 
that were confirmed in this study by preabsorption with 
1 ng/ml of purified EAP (data not shown). We then 
determined if the antiserum cross-reacted with other 
aminopeptidases, namely mAAP and DPP IV. Preabsorp- 
tion of the EAP antiserum with DPP IV blocked the 
staining of the 106- and 50-kDa bands (Fig. 4). The 
immunostaining of the higher-molecular-weight dou- 
blet was not affected. Likewise, preabsorption of the 



antiserum with purified mAAP blocked the staining of 
the 129-kDa band but not the 137-kDa or the 106-kDa 
band. Preabsorption of the antiserum with mAAP and 
DPP IV simultaneously resulted in staining of only the 
137-kDa band (data not shown). Preabsorption with 
mAAP or DPP IV, separately or together, did not affect 
the staining of the purified EAP. The slightly smaller 
form of the purified EAP compared with the EAP from 
kidney homogenates can be accounted for by the use of 
autolysis as the first step in the purification to solubilize 
EAP from the kidney membranes (31). These results 
indicate that kidney EAP is 137 kDa, mAAP is 128 kDa 
and DPP IV is 1 06 kDa on SDS-PAGE. 

Purified kidney EAP was subjected to tryptic diges- 
tion, and the fragments were separated by HPLC. A 
single fragment was selected for microsequencing. Four 
amino acids within this 18-mer fragment could not be 
identified with certainty (Fig. 5). Comparison of the 14 
remaining amino acids to the BP-1/6C3 and gpl60 
amino acid sequences indicated that the peptide frag- 
ment corresponded to amino acids 714-731 of BP-1/ 
6C3 and 723-740 of gpl60. Twelve of the 14 amino acids 
were identical in the rat and mouse, with both substitu- 
tions being conservative (isoleucine for valine and serine 
for leucine). Four amino acids were different in rat and 
human, with only one (serine for aspartic acid) being 
nonconservative. 

The distribution of EAP mRNA localized by in situ 
hybridization was compared with the distribution of the 
enzyme localized by immunocytochemistry. In situ hy- 
bridization of rat kidney EAP with ^S-labeled antisense 
single-stranded riboprobes indicated that EAP mRNA 
was highest in the outer stripe of the outer medulla, 
corresponding to the S3 segment of Lhe proximal tubule, 
and to both superficial and juxtamedullary glomeruli in 
the cortex (Fig. 6). The low-power in situ hybridization 
suggested that there was minimal tubular labeling in 
the cortex. This was confirmed by higher resolution in 
situ hybridization, which indicated that the cortical 
labeling was primarily within glomeruli (Fig. 7). There 
was a notable absence of labeling of the proximal 
convoluted tubules (e.g., surrounding the glomerulus in 
Fig. 7A). Other cortical tubules, including distal convo- 
luted tubules and cortical collecting ducts, were also 
unlabeled. High-resolution in situ hybridization indi- 
cated that the glomerular labeling was not distributed 
uniformly but that, depending on the plane of section, 
labeling was concentrated in bands and patches (Fig. 7, 
B-E). The majority of the cells within the glomeruli 
were not labeled. This pattern of labeling is most 
consistent with labeling of mesangial cells and not 
epithelial or endothelial cells, but the identity of the 
labeled cells could not be determined unequivocally. 
Labeling was also seen within the terminal portion of 
the afferent arteriole corresponding to juxtaglomerular 
(JG) cells (Fig. 8A). There wa9 no detectable labeling 
elsewhere within the vasculature. In larger caliber 
vessels it was possible to determine that neither the 
endothelial cells nor the tunica media smooth muscle 
cells were labeled (Fig. 8B). In the medulla, positive 
hybridization was detected primarily within descending 
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Fig 7. In situ hybridization of EAP mRNA within glomeruli. Sections of rat kidney similar to that shown in Fig. 1 
werfe dipped in-liquid emulsion and exposed for a period of 1 mo. Sections were counterstained lightly with cresyl 
violet A- intermediate magnification of a labeled glomerulus surrounded by unlabeled tubules. Scale bar, 40 |im. B: 
higher power magni fication of the glomerulus in A. Note that the pattern of labeling within the glomerulus ib seen as 
clusters of silver grains and that not all cells are labeled. C-E: additional representative glomeruli showing typical 
labeling within glomeruli, including patches (C), cord-like patches (£» : and clusters of grains situated on the extreme 
edge of the glomerulus, generally near the vascular pole (E). F: labeling of a glomerulus from a uection incubated with 
an EAP J6 S-labeled sense riboprobe. Scale bar. 25 jim. 



proximal tubule segments in medullary rays in the outer 
stripe of the outer medulla (Figs. 6 and 8C). Tubules 
within the inner stripe of the outer medulla (including 
thick ascending limb cells) and inner medulla were also 
unlabeled. Control hybridization with sense riboprobes 
yielded only diffuse background labeling (Figs. 7F 
and8D). 

Previous studies characterizing the antiserum against 
rat kidney EAP for use in immunocytochemistry indi- 
cated that there was no cross-reactivity with the closely 
related enzyme mAAP (16, 31). However, under the 
conditions used for immunoblotting, the EAP antise- 
rum cross-reacted with both mAAP and DPP IV (Fig. 4). 
The degree of cross-reactivity seen with antiserum is 
related to the concentration of antiserum and antigen. 
In the immunoblot studies the antiserum was used at a 
dilution of 1 :1,000. For immunocytochemistry, dilutions 
of 1:5,000 or 1:10,000 were typically used (16). To 
determine the specificity of the antiserum under the 
conditions used for immunocytochemistry, we repeated 
the preabsorption studies in the absence or presence of 1 
Hg/ml mAAP, 1 ug/ml DPP IV, or 1 p.g/ml EAP (Fig. 9). 
Low-power magnification of EAP staining in the kidney 
cortex indicated that heavy staining was present within 
tubules and less intense staining within glomeruli (Fig. 
9A). Preabsorption of the antiserum with either mAAP 
(Fig. 9B) or DPP IV (Fig. 9C) had no effect on the 
immunocytochemical staining pattern, whereas preab- 



sorption of the antiserum with EAP (Fig. 9D) almost 
completely abolished the immunostaining. Therefore, 
under the conditions that were used here for immunocy- 
tochemistry, we concluded that the antiserum was 
specific for EAP. 

Low-power magnification of immunostained sections 
of kidney cortex indicated that cortical immunostaining 
was primarily within proximal convoluted tubules (Fig. 
9). Immunostaining within glomeruli was apparently 
less intense and more diffuse (Fig. 9). The weak immuno- 
staining did not appear to correlate with the higher EAP 
activity seen in isolated glomerular preparations (above). 
We then tested if the discrepancy between EAP activity 
and immunoreactivity within glomeruli was sensitive to 
the type of fixation. Indeed, cryostat sections that were 
lightly fixed directly on the slide exhibited intense EAP 
immunostaining within the glomeruli (Fig. 10). The 
absence of EAP immunostaining within perrusion-fixed 
kidneys suggests that EAP immunoreactivity was dimin- 
ished within vascular elements, such as glomeruli, due 
to the relatively higher concentration of fixative within 
the vasculature during perfusion than in the surround- 
ing nonvascular tissues, such as tubules. Close examina- 
tion of the glomerular staining with EAP antiserum 
indicated that the immunoreactivity was concentrated 
primarily within mesangial cells. The stellate appear- 
ance of mesangial cells with multiple processes terminat- 
ing on glomerular capillaries was readily seen (Fig. 
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10B). EAP immunofluorescence appeared to be concen- 
trated at sites where mesangial cell processes contacted 
the capillary walls. Endothelial cells lining the capillar- 
ies were not labeled. Although the compromized preser- 
vation of the tissue made precise localization difficult, 
there was no clear demonstration of epithelial cell 
staining. Immunostaining within proximal tubules was 
concentrated solely within the apical brush border 
(Fig. 11). 

DISCUSSION 

As noted above, various lines of evidence indicate that 
the murine BP-1/6C3 and human gpl60 antigens are 
identical to EAP (23, 26, 33, 36, 37). To isolate a partial 
cDNA for rat kidney EAP, we designed oligonucleotide 
primers based on the murine BP-1/6C3 nucleotide 
sequence and used RT-PCR. The PCR product was 
highly similar to the BP-1/6C3 and gp 160 sequences: 
90% and 82% identical at the nucleotide level and 92% 
and 86% identical at the amino acid level, respectively. 
The amplified cDNA included the region of the zinc- 
binding domain, an area that is essential for EAP 
enzymatic activity (33). The predicted amino acid se- 
quence of the partial cDNA within the zinc-binding 
domain was completely conserved compared with the 
murine BP-1/6C3 and human gpl60 sequences. North- 
ern blot analysis of rat kidney and small intestine total 
RNA resulted in labeling of a major band of 4.1 kb, 
identical in size to the BP-1/6C3 and gpl60 transcripts 
(23, 26, 36). Examination of the predicted amino acid 
sequence of the rat EAP with the murine EAP indicated 
that, of the 11 amino acid substitutions, six were 
noncpnservative, i.e., a charged amino acid for an un- 
charged amino acid. However, of the six nonconserva- 
tive substitutions between mouse BP-1/6C3 and rat 
EAP, five are either identical or conservative relative to 
the human gp j60 sequence. In addition, the amino acid 
sequence of a tryptic digest peptide of EAP purified from 
rat kidney indicated that it was highly similar to a region 
of the BP-1/6C3 and gpl60 antigens. It is interesting to 
note that the two amino acids in the partial peptide 
fragment of kidney EAP that did not match the pre- 
dicted sequence of murine BP-1/6C3 were conserved 
between the rat EAP and human gpl60 sequences. 
Thus, on the basis of the sequence analysis of the partial 
cDNA, the hybridization analysis, and the partial amino 



Fig. 8. In situ hybridization of tubular and vascular elements labeled 
with an EAP antisense ^'S-iabeled riboprobe. A: shown is the terminal 
portion of an afferent arteriole (small arrows) as it gives oif a short 
branch to 1 glomerulus (g) and then continues out of frame. The 
segment of the afferent arteriole that enters the glomerulus corre- 
sponds to the juxtaglomerular cell region. Note the moderate density 
of silver grains over the juxtaglomerular cells (large arrow). B: cross 
section through u portion of an interlobular artery showing unlabeled 
endothelial cells (small arrows) and the smooth muscle cells of the 
tunica media (stars). Note the heavy labeling of the tubule immedi- 
ately adjacent to the artery. C: high-power view of a longitudinal 
section through a medullary ruy showing heavily Inbeled straight 
descending proximal tubules adjacent to an unlabeled cortical collect- 
ing duct. D: hybridization of an KAP ^-labeled sense riboprobe with a 
section through a medullary ray similar to that shown in C. Note the 
complete absence of labeled tubules. Scale bar, 25 jim. 
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acid sequence, we conclude that the rat kidney EAP is 
homologous to the murine BP-1/6C3 and human gpl60 
proteins. 

With antiserum raised against EAP purified from rat 
kidney, we noted previously that immunoblots with 
purified EAP yielded only a single band, whereas immu- 
noblots with kidney homogenates yielded two hands on 
SDS-PAGE (31). Here we showed similar results except 
that the broad upper band could now be distinguished as 
two distinct bands of 137 and 129 kDa. A lower band of 
106 kDa was also seen. It was not clear whether the 
multiple bands represented partial proteolytic digestion 
of the native enzyme, EAP isozymes, or cross-reactivity 
with a closely related enzyme(s). We ruled out that the 
smaller bands were proteolytic products of EAP, be- 
cause the immunoblot pattern was unchanged when 
kidney tissue samples were isolated in the presence of a 
spectrum of protease inhibitors. As noted previously, 
some variation has been reported on the size of EAP 
monomers isolated from the kidney of various species (6, 
13, 17). However, we determined that the multiple 
bands actually represented cross-reactivity of the EAP 
antiserum with other kidney peptidases. Preabsorption 
of the EAP antiserum with purified mAAP blocked 
staining of the 129-kDa band, and preabsorption with 
purified DPP TV blocked staining of the 106-kDa band. 
Thel29- and 106-kDa bands are in good agreement with 
previous reports on the size of purified mAAP and DPP 
rV, respectively (2, 20). These-results indicate that rat 
' kidney expresses only a single sized EAP monomelic 
form of 137 kDaTbn SDS-PAGE and that the additional 
bands seen on immunoblots of rat kidney represented 
cross-reactivity of the antiserum with mAAP and DPP 
TV, The cross-reactivity of the antiserum to other pepti- 
dases was somewhat surprising, since the purified EAP 
material had no detectable mAAP or DPP TV activity. 
Since EAP and mAAP are related enzymes and are 34% 
identical (36), it is possible that these two enzymes share 
common epitopes. On the other hand, DPP IV and EAP 
are unrelated enzymes (serine proteinase vs. a metallo- 
proteinase). Moreover, comparison of the sequences of 
EAP and DPP rV revealed no significant homology. 
Since kidney DPP IV levels are high, the possibility that 
the purified EAP material contained trace contaminants 
of enzymatically inactive DPP IV fragments cannot be 
ruled out. A repeat of the purification procedure while 
monitoring EAP-cbntaining fractions by immunoblot- 
ting confirmed that the 106-kDa band was separated 
from the upper bands by phenyl Sepharose chromatogra- 
phy, the step at which DPP IV activity is separated from 
EAP /mAAP activity (unpublished observations). The 



Fig. 9. Effects of preabsorption of the EAP antiserum (1:5,000 
dilution) with purified mAAP and DPP IV on the immunocytoehemi- 
cal staining pattern in rat kidney. A: immunostaining with control 
antiserum. Note the typical staining pattern in the outer cortex, with 
heavily labeled proximal convoluted tubules and lighter Btained glo- 
meruli. B: immunostaining with antiserum prcabsorbed with mAAP 
(1 iLg/ml). Note there is no reduction in staining. C: immunostaining 
with antiserum preahsorbed with DPP IV (I ml). Note there is no 
reduction in staining. D: immunostaining with antiserum preahsorbed 
with EAP (1 (ig/ml). Note the almost complete absence of immunostain- 
ing. Scale bar, 100 |im. 
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Jte£ig- JO. BAP immunoftuorescerit staining within a glomerulus. A 
Hyponperftised kidney was cryostat sectioned, fixed directly on the slide. 
TpTiind imrtiunostained with BAP antiserum using an immunofluorescent 
ptnethod. A: photomicrograph of EAP immunoreactivity within a 
^glomerulus. Note that EAP immunofluorescence was concentrated 
sbvwithin the mesangium, specifically within mesangial cells (arrow) and 
pjihesangial cell processes. The endothelial cell linings of capillaries were 
^devoid of staining (*). Scale bar, 25 |un. B: higher power photomicro- 
Jigraph of the labeled mesangial cell in A, shown by arrow. Note again 
m concentration of EAP immunofluorescence within the mesangial cell 
.cytoplasm and the processes (small arrowheads) that terminate on the 
icapfllary walls. Areas of the capillary wall that mesangial cell processes 
^contact appear to have a greater density of EAP immunoreactivity. 
yScalebar, 10 >un. 



jfgreater dilution of the antiserum for immunocytochem- 
jistry apparently minimizes the cross-reactivity prob- 
lems, since the immunocytochemical staining patterns 
!%ere not affected by preabsorption of the antiserum 
swith either mAAP or DPP TV. Furthermore, these 
j*esults raise doubts as to whether the multiple bands 
i^een in previous immunoblot studies with EAP antise- 
rum actually represent EAP isoforms. Rather, our re- 
sults would suggest that the multiple bands either 
"represent degradation of EAP or cross-reactivity to a 
:;iion-EAP protein. 



With only one exception, the distributions of EAP 
mRNA and EAP immunoreactivity within rat kidney 
were very similar. The highest levels of EAP mRNA 
were detected within the outer stripe of the outer 
medulla. High-resolution in situ hybridization indicated 
that the labeling in the outer stripe was restricted to the 
straight descending (S3) segment of the proximal tu- 
bules. The S3 segment of the proximal tubule also 
contained high levels of EAP immunoreactivity, confirm- 
ing previous histochemical studies (21, 25). No EAP 
mRNA was detected, however, within proximal convo- 
luted tubules, an area that contains high levebj of EAP 
immunoreactivity. The reason for the apparent discrep- 
ancy between hybridization and immunoreactivity pat- 
terns in the proximal convoluted tubule is unlikely to be 
due to the existence of different EAP isozymes, since the 
probe used for in situ hybridization would be expected to 
recognize transcripts from all EAP isozymes; the probe 
contained the region of the zinc-binding domain, an area 
absolutely essential for EAP activity (33). Another 
possible explanation for the high level of EAP immuno- 
reactivity and the low level of EAP mRNA in the 




Fig. 1 1 . High-power photomicrograph of EAP immunoreactivity within 
proximal tuhules. A: immunostaining within a proximal tubule cut in 
cross section. Note that the staining is restricted to the apical 
membrane (arrow). B: staining in presence of preimmune serum. Note 
absence of apical membrane immunostaining (arrow). Scale bar, 
10 urn. 



'ACE 30/50 * RCVD AT 5/14/2007 9:37:08 PM pacific Standard Time] * SVR:SVCS01/1 * DNIS:6034 * CSID:(613) 001-5715 * DURATION (mm-ss):5642. 



From (613) 991-5715 



Order # 06861814DP05741470 Tue 15 May 2007 12:59:41 AM EDT 



Page 12 of 13 



F556 



RAT KIDNEY GLUTAMYL AM1NOPEPTIDASE 



proximal convoluted tubules could be that there is low 
turnover of the EAP protein within convoluted tubules 
(and thus low mRNA). Likewise, the absence of detect- 
able EAP mRNA in proximal convoluted tubules might 
simply reflect the lower sensitivity of the in situ hybrid- 
ization method. 

EAP immunoreactivity and mRNA were not detected 
in large blood vessels. Relatively low concentrations of 
EAP mRNA could be detected within some, but not all, 
afferent arteriole JG cells. EAP immunoreactivity was 
not consistently seen within JG cells. Whether this 
indicates that expression of EAP in the JG cells is near 
the level of detection for both techniques or whether 
there is only a subset of afferent arterioles that express 
EAP is' not clear at this time. Higher levels of EAP 
mRNA and immunoreactivity were detected in glo- 
meruli. The presence of EAP immunoreactivity and 
EAP mRNA within glomeruli confirmed the results that 
indicated that EAP enzymatic activity was enriched in 
isolated glomeruli compared with kidney homogenates. 
High-resolution in. situ hybridization indicated that 
EAP mRNA was not uniformly distributed within the 
glomeruli. Rather, the hybridization pattern was cord- 
like patches, suggestive of labeling within the mesan- 
gium, possibly mesangial cells. Immunocytochemical 
staining of EAP within glomeruli from perfusion-fixed 
kidneys was diffuse and could not be localized to distinct 
cell bodies. However, in nonperfused. kidneys where 
sections were fixed directly pn the slides, EAP immuno- 
fluorescence was -concentrated within mesangial cells, 
and in particular in areas where mesangial cell processes 
contacted capillary walls. The presence of EAP immuno- 
reactivity within mesangial cell bodies is consistent with 
the in situ hybridization pattern of EAP mRNA in 
glomeruli. EAP immunoreactivity within mesangial cells 
is also consistent with a previous report from our 
laboratory that showed that EAP immunoreactivity in 
rat brain is associated with cerebral microvessel peri- 
cytes (16). Pericytes and mesangial cells are both perivas- 
cular adventitial cells that are known to have extensive 
cell processes that entwine small blood vessels. Both cell 
types are thought to be derived from the same progeni- 
tor cells (29). 

Although EAP is riot specific for a single substrate, 
some degree of functional specificity would occur if EAP 
was localized to ceils that were exposed to extracellular 
fluids enriched with a particular substrate. EAP has 
been shown to hydrolyze [Asp'JANG II to ANG III 
([des-Asp^ANG II) (1, 21, 34). In most tissues ANG III 
is less potent than ANG II, so the hydrolysis of ANG II 
by EAP is viewed as a degradation step (34). However, 
some studies indicate that the lower potency of ANG III 
is attributed to the greater susceptibility of this peptide 
to enzymatic degradation (34). In some tissues, includ- 
ing brain and adrenal, ANG III has significant bioactiv- 
ity (12, 35), suggesting that the hydrolysis of ANG II to 
ANG III is a conversion step rather than degradation. It 
is interesting then to consider that the distribution of 
EAP within the kidney coincides with cells known to 
express ANG II receptors, principally the type 1 receptor 
subtype (4, 7, 9, 14, 27, 30, 38). ANG II receptors are 



known to be present on juxtaglomerular cells, mesangial 
cells, afferent and efferent arterioles, and proximal 
tubules. In addition, all the components of the renin- 
angiotensin system arc localized within the kidney (3, 
32). Thus the colocalization of EAP and ANG II recep- 
tors within the kidney suggests that EAP could play an 
important role in modulating the activity of both circu- 
lating and locally formed ANG II. 
In summary, the results presented here indicate thai. 

1) rat kidney EAP is homologous to the murine BP-1/ 
6C3 and human kidney gpl60 differentiation antigens: 

2) the monomeric form of EAP in rat kidney is a 
single-sized protein of 137 kDa; 3) rat kidney EAP gene 
expression is highest within the proximal tubules and 
glomerular mesangial cells;, and 4) the localization of 
EAP within the kidney correlates with the cellular 
distribution of ANG II receptors. EAP may therefore 
have multiple physiological functions within the kidney, 
depending on its localization, i.e., metabolism of oligopep- 
tides in the glomerular filtrate and degradation/ 
conversion of circulating or intrarenally synthesized 
bioactive peptides, including ANG II. 
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ABSTRACT 

To determine whether the transcription factor activator 
protein-1 (AP-1) could be modulated by ultraviolet A 
(UVA) exposure, we examined AP-1 DNA-binding activ- 
ity and transactivation after exposure to UVA in the hu- 
man immortalized keratinocyte cell line HaCaT. Maxi- 
mal AP-1 transactivation was observed with 250 kj/m 2 
UVA between 3 and 4 h after irradiation. DNA binding 
of AP-1 to the target 1 2-0-tctradccanoylphorbol-13-acc- 
tate response element sequence was maximally induced 
1-3- h after irradiation. Both de novo transcription and 
translation contributed to the UVA-induced AP-1 UNA 
binding. c-Fos was implicated as a primary component 
of the AP-l DNArbiuding complex. Other components of 
the complex included Fra-2, c-Jun, JunB and JunD. IJVA 
irradiation induced protein expression of c-Fos, c-Jun, 
Fra-1 and Fra-2. Phosphorylated forms of these induced 
proteins were determined at specific time points. A 
strong correlation existed between UVA-induced AP-1 
activity and accumulation of c-Fos. c-Jun and Fra-1 pro- 
teins. UVA irradiation also induced c-fos and c-jun 
mRNA expression and transcriptional activation of the 
c-fos gene promoter. These results demonstrate that UVA 
irradiation activates AP-1 and that c-fos induction may 
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play a critical role in the response of these human ke- 
ratinocytes to UVA irradiation. 

INTRODUCTION 

The major risk factor foT the development of nonmelanoma 
skin cancer is exposure to sunlight (1). The UV spectrum of 
solar radiation is subdivided into three regions: short wave- 
length ultraviolet C (UVC) (<280 nni), midwavelength ul- 
traviolet B (UVli) (280-320 nm) and long wavelength ul- 
traviolet A (UVA) (320-400 nm). Because stratospheric 
02one completely absorbs UVC and a large portion of UVB, 
90-99% of the solar radiation at the earth's surface is UVA 
radiation (2). U VA radiation accounts for approximately 10- 
20% of the carcinogenic dose of sunlight (3). Although UVB 
is approximately 1000-10000 times more carcinogenic per 
J/m 2 than UVA (4,5), chronic UVA exposure alone has been 
shown to induce photoaging (6) and skin tumors (papilloma's 
and squamous cell carcinomas) (3,5,7) in experimental ani- 
mals. Much higher doses of UVA arc required to induce 
gene transcription, but these doses are environmentally at- 
tainable (8). 

Because UVA radiation is only weakly absorbed by bio- 
molecules such as DNA and proteins, its deleterious effects 
are manifested through the induction of oxidative damage. 
UVA-induced gene expression has been shown to involve 
the generation of singlet O, after UVA absorption by cellular 
cliromophores (9, 1 0). 

Although a more prominent role of UVA in skin tumori- 
genesis has recently emerged, the precise signaling path- 
way(s) that are activated in response to UVA have not been 
fttliy elucidated. Solar UVA radiation has been found to non- 
enzymatically trigger the cerainide signaling cascade 
through singlet O,, resulting in activator protein-2 (AP-2) 
activation and induction of intercellular adhesion molecule- 
1 expression in cultured normal human keratinocytes (9,1 1). 
UVA and singlet 0 2 activated c-Jun NH r lerminul kinase 
(JNK) and p38 but not extracellular signal-regulated kinase 
(ERK) mitogen-activated protein kinases (MAPK) in human 
skin fibroblasts (12,13). However, in human keratinocytes. 
UVA irradiation induced oxidative stress, ccramidc produc- 
tion and activation of JNK, p38 and ERK MAPK (14). In 
normal human lymphoblast cell lines, Zhang et al. (15) 
found that UVA irradiation induced apoptosis through the 
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activation of JNK via the sphingomyelinase-ceramide path- 
way. UVA radiation has also been found to induce the ex- 
pression or activation of heme-oxygenase 1, protein phos- 
phatase CL100, matrix metalloproteinases, phospholipases 
such as pliospholipase A 2 , nuclear factor kappa B (NF-kB), 
protein kinase C (PKC), signal transducers and activators of 
transcription (STAT)-l and -3, the ribosomal S6 kinases 
pUf** and p90 RSK and uctivator protein- 1 (AP-1) (16-23). 

AP-1 is an important regulatory protein involved in cell 
growth, differentiation, cellular stress and apoptosis that can 
be induced by growth factors, cytokines, 12-O-tetradeca- 
noylphorbol- 1 3-acelate (TPA) and transforming oncopro- 
teins (24). The AP-1 complex consists of heterodimers of 
Fos (c-Fos, Fra-1, Fra-2, FosB) and Jun (c-Jun, JunB, JunD) 
family members or homodimers and heterodimers of Jun 
family members that bind to tlie TPA response element 
(TRF-) in the promoters of AP-1 -inducible genes, contrib- 
uting to their transcriptional activation (24). 

Deregulated expression of the AP-1 complex has been 
shown to play a prominent, role in the promotion of skin 
tumors. Loss of AP-1 DNA-hinding activity was correlated 
with loss of proliferation' and induction of differentiation in 
human keratinocytes (25). Similarly, the lumorigcnie phc- 
notype of malignant mouse epidermal cells was suppressed 
by the stable expression of a mutant c-Jun protein that in- 
hibited AP-1 -mediated transcriptional transact! vation (26). 
Also, induction of AP-1 was detected in mouse epidermal 
JB6 cells that were susceptible lo tumor promotion by TPA 
but not in resistant variants (27). Lastly, transduction of 
mouse keratinocytes with retroviruses encoding \-ras"" and 
v-fos caused the malignant conversion of these cells (28). 
whereas mice lacking the c-fos gene failed to develop ma- 
lignant skin tumors upon ras gene activation and tumor pro- 
motion (29). 

Increased AP-1 activity in response to IIV irradiation has 
been reported previously. UVC irradiation of the trans- 
formed cervix-derived carcinoma cell line, HeLa, initiated 
the Ras-Raf-MAPK signaling cascade and resulted in AP- 
1 activation (30). UVB-induced AP-1 transactivation and in- 
duction of c-Fos were detected in JB6 murine epidermal 
cells (31,32). Recently, AP-1 activation was observed in cul- 
tured fibroblasts using the natural sunlight, spectrum-emit- 
ting UVA-340 energy source (33). Experiments using in vivo 
mouse models (SKH-1 hairless mice and AP-l-lueifcrasc 
transgenic mice) also detected UV-induced AP-1 activation 
(34,35). 

Our laboratory has previously shown that UVB irradiation 
induces AP-1 activation in the human immortalized kerati- 
nocyte cell line HaCaT (36). This cell line contains two mu- 
tant p53 alleles but. does not induce tumors upon subcuta- 
neous injection into athymic nude mice. The cells form nor- 
mal epidermis when transplanted to graph sites on these im- 
mune-compromised mice. Therefore, these cells are 
representative of initiated human skin cells and allow ex- 
amination of the promoting effects of UVA irradiation. In 
light of the apparent role of AP-1 in skin tumorigencsis and 
its involvement in UVB-induccd signal transduction, we 
have begun to examine its potential role in UVA-induced 
signaling pathways leading to skin tumor promotion. The 
purpose of this study was to determine if UVA irradiation 
induced AP-1 activation, to characterize the UVA-induccd 
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Figure 1. Spectral irradiancc of the F20TI2/BL/IIO UVA bulbs, 
(a) Irradiancc at 5.6 cm from the surface of interest; (b) Inadiance 
at 5.6 cm from the surface of interest through u 4 mm plate glass 
to filter wavelengths <320 nro. 



AP-1 complex, and to determine the expression patterns of 
the AP-1 family members in these HaCaT ceils. 

MATERIALS AND METHODS 

Celt culture. The human keratinocyte cell line HaCaT was stably 
transfected with a sequence from the human collagenase-1 gene pro- 
moter (-73 to +63), which contained one endogenous AP-1 binding 
site driving a Uiciferase reporter gene (HCL14 cells), as reported 
previously (36). HaCaT cells were also stably transfected with a 
sequence from the human c-fos gene promoter (-404 to +41 ) driv- 
ing u iuciferase reporter gene (FL30 cells), as reported previously 
(36). These cells were cultured in Dulbecco modified Eagle medium 
(DMEM) supplemented with 10% fetal bovine scrum, 100 units/mL 
penicillin-streptomycin at 37^ under 5% COj. Cells were grown to 
90-100% confluence and then serum-starved for 24—28 h before 
treatment. 

UVA irradiation. Cells were irradiated with a bank of four 
F20T12/BL/HO fluorescent UVA bulbs (Nauonal Biological Corp., 
Twinsburg, OH) with a peak emission at 365 nm. 'Ihe bulbs were 
powered by an Advance electronic ballast REL-4P32-RH-TP (120 
V, 60 Hz, 90 A) (Advance Transformer Co., Cliicago, IL). Four- 
millinieter plate glass was used to filter wavelengths below 320 nm 
(Fig. J ). Irradiation doses were measured using a UVX radiometer 
equipped with a UVX-36 sensor (UVP, Inc., Upland, CA). Irradia- 
tion was performed in a sterile, well-ventilated laminar flow hood 
to eliminate the possibility of thermal stimulation. Cells were irra- 
diated in phosphate-buffered saline (PBS) supplemented with 0.01% 
MgCl 2 and 0.01% CaCK. Control cells were mock-irradiated under 
similar conditions. To determine the potential effects of maintaining 
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cells in supplemented PBS ror extended periods of time, a second 
set of control cells, which was kept in serum-free medium at 37°C 
under 5% CO-, for the treatment duration, was alsu used (sf). Cul- 
tures were continued in serum-free DMKM until harvest. 

luciferasc assay for AP- 1 anil ofos liansactivalion. Total cellular 
proteij) was extracted in lysis buffer (15 mM MgSO«. 25 mM gly- 
cylglycine, 4 raM ethylene glycul-bis(B'-aminoethyl ether)- 
W./V.A/'.V'-tctraacctic acid [HGTAJ, 1% vol/vol Triton X-100, 1 mM 
dilliiothreitol rDTT]). Luciferasc activity of 30 u.g total cellular pro- 
tein was measured using the TD- 20/20 luminometer (Turner De- 
signs, Sunnydale, CA). 

Elecirophoreiic mobility shift assays. Nuclear protein lysates were 
isolated using the method of Digram et al. (37). Gel shift assays 
were performed using 2.5 u.g nuclear protein, I ng/u.L [ 33 P]-dCTP- 
laheled double-stranded 22-mer TRE probe containing the AP-1 
binding site (TGAGTCA) in the context of the human collagenase- 

1 promoter and 1 u.g/u,L poly JldC to ensure minimal nunspecilic 
binding. After a 10 min preincubation of nuclear protein and poly 
dldC ai room temperature, the labeled probe was added and incu- 
bated for an additional 20 min. DNA complexes were then eleclro- 
phoresed in 4.8% polyacrylamide gels and exposed to Phosphor 
screens for analysis (Molecular Dynamics Inc., Sunnyvale, CA). ficl 
supershifi assays emailed a preincubation of 2.5 fig nuclear protein 
with increasing concentrations of antibodies against AP-1 family 
members at 4°C for 2 h, addition of poly dldC and incubation for 
10 inin at room temperature and, finally, addition of the [ J3 Pla- 
dCTP -labeled TRE probe and incubation at room temperature for 
an additional 20 nun. 

Western analysis. Total cellular protein was extracted in NEB 
buffer (150 mM NaCl, 20 mM Tris pll 7.5, 1 mM elhyleneilia- 
minctcrraacctic acid, 1 mM RGTA, 2.5 mM Na^PiO?, 1 mM (i-glyc- 
erol phosphate, 1 mM NajV'O* 1 |ig/mL leupeptin and 1% Triton 
X-100). Forty micrograms of total cell lysate was boiled in4X sam- 
ple buffer (0.2 A/Tris pH 7, R% sodium dodecyl sulfate.fSDS], 20% 
p-mercuptoethanul and 1 2% sucrose), resolved on 12.5% SDS-poly- 
acrylamidc. gels and transferred |o Iromobilon-P nylon membranes 
(Millipore Corp., Bedford. MA). Membranes were blocked with 5* 
evaporated milk-lx Tris-buffercd saline with 0.05% Tween 20 
(TDST) for 2 h al room temperature or overnight at 4"C, incubated 
with primary anlibcxJics against AP-1 family members for 2 h al 

room temperature and then incubated with horscradish-pcroxidasc 
(HRP)-conjugated secondary antibodies for 1 h at rtx>m temperature. 
Membranes were washed three times for 10 min each in IX TBST 
between antibody incubations. All primary antibodies were obtained 
from Santa Cruz Biotechnology (SC), Santa Cruz, CA, except where 
indicated. All HKP-conjugated secondary' antibodies were obtained 
front New. England Biolabs Inc. (NEB). Beverly, MA, except where 
indicated. Antibody concentrations were us follows: c-Fos sc-8047 
at 1:1000 and anti-mouse secondary antibody (SC) at 1:5(100; Fra- 

2 sc-604 at 1:1000 and anti-rabbit secondary antibody (SC) at 1: 
40000; Fra-I sc-605 at 1:1000 and anti-rabbit secondary antibody 
at 1:10000: FosB sc-8013 at 1:200 and anti-mouse secondary anti- 
body (SC) at 1:3500; c-Jun sc-1694 at 1:500 and anti-rabbit second- 
ary antibody at 1:2000; JunB sc-046 at 1:1000 and anti-rabbit sec- 
ondary antibody at 1:2000; JunD sc-74 at 1:1000 and anti-rabbit 
secondary antibody at 1:2000; and Phospho-c-Jun (Ser 73) (NEB) 
at 1:800 and anti-rabbit secondary antibody at 1:2000. Antigen-an- 
tibody complexes were detected using the ECL kit (Amershara Phar- 
macia Biotech. Piscataway, NJ). 

Protein phosphatase treatment. Protein phosphatase I (PP1) 
(NEB) ireatmenL entailed the incubation of 40 u,g concentrated total 
cellular protein with 5 units PPI in IX MnCU and IX PP1 huffer 
for 10 min at 30°C. Protein phosphatase 2A (PP2A) (Upstate Bio- 
technology, Lake Placid, NY) treatment ■involved die incubation of 
40 u.g of concentrated total cellular protein with 0.5 units FP2A in 
PP2A buffer (50 mM Tris-Cl, pH 7.5, I mM MnCl ? , I mM DTT) 
foT 20 min at 30°C. Both treatments were followed by electropho- 
resis in 12.5% SDS-poiyacrylamidc gels, transfer to Immobilon-P 
membranes and immunodetection. 

Nnrtliern analysis. Total RNA was extracted using the RNeasy 
Mini Kit (Qiagen Inc., Valencia, CA). Twenty micrograms of total 
RNA was diluted in 10 u,l. sample buffer (50% formumide, 0.02% 
formaldehyde, lx 3-(A'-morpholino)propanesalfonic acid, 0.1 mg/ 
mL ethidtum bromide), electrophoresed on 1% agarose-furmalde- 
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Figure 2. UVA induction of AP-1 iransactivation. (a) Dose response 
of UVA-irradiaied HCI.I4 cells al 4 h after irradiation. Cells were 
either mock-treated or UVA-irrudiated for distinct periods of lime 
corresponding to UVA doses between 100 and 300 kJ/m- and ihen 
harvested 4 h after irradiation, (h) Time course of HCL14 cells ir- 
radiated with 250 kJ/m J UVA. Cells were either mock-lrealed or 
irradiated with 250 kj/m* UVA and then incubated in serum-free 
medium until each desired time point. Thirty micrograms of total 
cell lysate was analyzed for each luciferasc activity assay. Fold in- 
ductions with respect to mock-treated controls are listed above their 
respective barfs) for each data set. Bach bar represents the mean ± 
standard deviation (SD) of triplicate samples. The data arc represen- 
tative of duplicate experiments. 



hydc gels at constant voltage and transferred to GeneScreen nylon 
membranes (NEN Life Science Products, Boston, MA), using the 
Pressure Control Station (Stralagcnc, La Jolla, CA). RNA was then 
cross-linked to the membrane using the GS Gene Linker (Biorad 
Laboratories, Hercules. CA). Northern probes were labeled with 
pPJa-dC.TP using the DHCAPrime II kit (Ambion Inc., Austin, 
TX). The c-J'os probe was a 2.2 kb EcoRl fragment of mouse c-fbs 
cDNA generated from the plasinid p/oi-ks. The c-jtm probe was a 
0.65 kb £c<jR1 fragment of human c-jun cDNA generated from the 
plasmid pcDNA3.1/His. The glyceraldehyde-3'-phosphate dehydro- 
genase (GAPDII) control probe was a 0.75 kb Pstl-Xb/i\ fragment 
of human GAPDH cDNA generated from the plasmid PTZ-GAP. 
After hybridization, membranes were washed in 2X sodium chjo- 
ride-sodiun) citrate solution (SSC). 0.1% SDS and 0. 1 x SSC. 0.1% 
SDS and exposed to Phosphor screens for analysis. 

RESULTS 

UVA induction of AP-1 transact! vation 

The immortalized, human keratinocyte cell line HaCaT was 
stably transfected with an AP-1 luciferase reporter plasmid 
containing a 136 bp fragment of the human collagenase-1 
gene promoter (-73 to +63) with one endogenous a'f-1 
binding site (HCL14 cells), as reported previously (36). 
Transaclivaiion through AP-1 was detected with 100 kj/tn 2 
UVA, bul maximal AP-J transaclivalion was observed with 
250 kJ/m 2 UVA (Fig. 2a). The lime course comparing un- 
irradiated and 250 kJ/m 2 UVA-irradialetl HCLI4 cells re- 
vealed a transient induction of AP-1 trtinsaclivation between 
2 and 8 h after irradiation, with maximal induction between 
the 3 and 4 h time points (Fig. 2b). Although the cultured 
cells were serum-starved for at least 24 h before treatment 
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Fijjure 3. Electmphorctic mobility shifts of the AP- 1 DNA-binding 
complex. Nuclear protein lysates (2.5 |t.g) from HCL14 cells were 
incubated with [ J: P]a-dCTP-labclcd IKE probes and electropho- 
resed <m 4.S* polyacrylamidc gels, (a) AP-f DNA-binding time 
course using 250 V)Jm- UVA irradiation, (b) Competition assays 
using post-1 h UVA-irradiated nuclear protein lysates with 50 x 
unlabeled wild-type TRE (cold) and 50X mutated TRE (mm) 
probes. Gel shift assays were performed in duplicate. 
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Figure 4. Characieri/alion of the AP-1 DNA-binding complex. 
Posl-1 h UVA-irradiated nuclear protein lysates from HCL14 cells 
were used to characterize the complex components. TBP, which has 
not been shown to bind to the TRE binding site, served as a negative 
control. Concentrations of 1 and 4 p.g primary antibodies arc shown 
u> demonstrate AP-1 gel shift band clearing, AP-1 supershift ability 
or hbih. Gel shift assays were performed in duplicate. 



to reduce basal levels of AP-1 activity, unirradiated cells siill 
showed detectable levels of AP-1 transactivation at most 
time points. 

UVA induction of AP-1 DNA binding 

Gel shift assays were performed on nuclear proteins that 
were extracted from unirradiated and 250 kJ/m 2 UVA-irra- 
diated Hfcl_14 1:6118 . using a radiolabeled, double-stranded 
22-iner oligonucleotide containing Ihe human collagenase-1 
TRE AP-1 DNA-binding site. AP-1 DNA complexes were 
detected in both irradiated and unirradiated cells. However, 
enhanced DNA binding to the target TRE sequence was de- 
tected as early as 0.5 h after irradiation and was maximal 
between 1 and 3 h after irradiation (Fig. 3a). Competition 
assays were performed to verify the specificity of the AP-1 
DNA-binding complex, using 50X unlabeled wild-type TRE 
probes to decrease detectable complexes and SOX mutated 
TRE probes that did not compete with labeled probes and 
recovered complex detection (Fig. 3b). 

Characterization of the AP-1 DNA-binding complex 

Gel supershift assays, using increasing concentrations of an- 
tibodies to AP-1 family member antigens, were performed 
to determine which AP-1 proteins were bound to the radio- 
labeled double-stranded TRE oligonucleotide. Before AP-1 
DNA annealing, nuclear proteins were ineubaied with 1-4 
u,g antibodies against AP-1 Jun and Fos family members. 
Gel shift assays were then performed as usual. The 1 h time 
point in the range of maximal induction of AP-1 DNA bind- 
ing was used in these experiments. The TATA-binding pro- 
tein (TBP), which has not been shown to directly bind to the 
TRE site, was used as a negative control. c-Fos was impli- 
cated as a primary component in this AP-1 DNA-binding 
complex. The c-Fos antibody caused significant reduction of 
the AP-l DNA complex shift and produced two slower mi- 
grating forms of the complex (Fig. 4). Other AP-1 family 
members that also produced slower migrating forms includ- 
ed Fra-2, c-Jun, JunB and JunD (Fig. 4). However, the lack 



of AP-1 DNA complex clearing suggests that they are minor 
components of the AP-1 DNA complexes formed in these 
UVA-irradiated HaCaT cells. 

Contribution of both RNA and protein synthesis to 
UVA-induced AP-1 DNA binding 

To determine whether RNA synthesis or protein synthesis 
(or bolh) was required to achieve UVA-induced enhance- 
ment of DNA binding detected at 1 h after irradiation, 
HCL14 cells were treated with the RNA synthesis inhibitor 
actinomyciu D or the protein synthesis inhibitor cyelohexi- 
mide. UVA induction of AP-1 DNA binding was signifi- 
cantly reduced in both treatment groups, suggesting that 
transcription and translation of AP-1 complex family mem- 
bers does occur and .contributes to the UVA-induced com- 
plex formation in HaCaT cells (Fig. 5). However. mRNA 
and protein stabilization cannot, be ruled out and may ac- 
count for the residual complexes detected using the inhibi- 
tor-treated nuclear protein lysates. Increased levels of AP-1 
DNA binding complexes were occasionally detected in un- 
irradiated, cyeloheximide-trcatcd HCL14 cells (data not 
shown). Protein synthesis inhibitors have been shown to ac- 
tivate or stabilize the expression of immediate early genes, 
including Fos and Jun family members (3839). 

Effects of UVA on Fos and Jun family member protein 
levels 

Western blot analyses were performed on AP-1 family mem- 
bers to determine if protein expression levels correlated with 
UVA-tnduced AP-1 DNA binding and AP-1 transactivation. 
Expression of c-Fos, the primary component in the AP-1 
DNA binding complex, was dramatically induced with 250 
kJ/m 2 UVA irradiation. Increased expression was initially 
detected at 0.5 h after irradiation and continued up to 4 h 
after irradiation (Fig. 6a). Slower migrating forms predom- 
inated at 2, 3 and 4 h after irradiation, suggesting a post- 
translationally modified form of c-Fos at these time points. 
Increased c-Jun in irradiated cells was detected between 1 
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Figure 5. Effects of transcription and translation inhibition on AP- 
1 DNA-binding.. I-ICL14 cells were prelrealed with 1 |i.g/niL acii- 
nomycin D (AclD) or 10 u.g/mL cycloheximide (Cyclo) in serum- 
frcc medium for 30 min, irradiated with 250 kJ/m J UVA and then 
continued in serum-free medium supplemented with (he respective 
inhibitors for 1 h after irradiation. Nuclear protein lysates (2.5 u.g) 
were then incubated with l"PJa-dCTP-labclcd TRE probes and 
electropliorcsed on. 4.8% polyacrylaraide gels. Gel shift assays were 
performed in triplicate. 



and 8 h after irradiation (Fig. 6a). Basal levels of c-Jun were 
observed at every time point examined. Interestingly, a 
slightly slower migrating form of c-Jun was observed at 15 
and 30 min after UVA irradiation, also suggesting posttrans- 
lational modification of c-Jun. Phosphorylation at serine 63 
and serine 73 of c-Jun leads to increased stability and en- 
hanced transcriptional activity of the protein (40). To deter- 
mine the phosphorylation status of c-Jun at serine 73, West- 
em blot analysis was performed using a phospho-specific 
antibody. Although phosphorylated forms could not be de- 
tected in unirradiated HCL14 cells, c-Jun appeared to be 
phosphorylated at amino acid 73 in irradiated cells up to 4 
h after irradiation, and its detection revealed banding pat- 
terns similar to those seen for total c-Jun expression (Fig. 
6b). Induction of an approximately 35 kDa Fra-1 protein was 
observed at 2 'to 4 h after irradiation. However, an approx- 
imately 40 kDa uninduced protein product was also apparent 
at every time point examined (Fig. 6a). Immunodetection of 
Fra-2 revealed induction of a slower migrating form at 15 
and 30 min after irradiation and induction of a faster mi- 



Flgurc <$. Western blot lime cuurse of AP-1 family member ex- 
pression using 250 kj/m 2 UVA irradiation. Porty micrograms of uilul 
cellular protein was clcctrophoresed on 12.5% SDS-polyacrylamide 
gels, Irunsferred to Immobilon-P membranes and immunodetecied 
using optimal primary and secondary antibody concentrations for (a) 
each AP-1 family member, and (b) the phosphorylated form of c- 
Jun at amino acid 73. Western blot data arc representative of two 
independent experiments. 



grating form from 2 to 24 h after irradiation (Fig. 6a). These 
results suggest the initial induction of a posttranslationally 
modified form of Fra-2, followed by the induction of a less 
modified form. The remaining AP-1 family members (FosB, 
JunB, JunD) did not show significant changes in protein ex- 
pression after UVA irradiation (Fig. 6a). 

Protein phosphatase treatment of UVA irradiation- 
induced AP-1 complex components 

In an attempt to determine if the slower migrating; species 
of the UVA-induced proteins were phosphorylated forms, 
total cell lysates from selected postirradiation time points 
were treated with PP1 or PP2A, enzymes that can recognize 
and cleave phosphates at serine and threonine residues. PP1 
treatment shifted the uninduced 40 kDa Fra-1 band In a fast- 
er migrating form in both UVA-irradiatcd and unirradiated 
HCL14 cells but had little effect on die UVA-induced faster 
migrating 35 kDa species (Fig. 7a). PPI treatment also shift- 
ed the slower migrating band of Fra-2 to a faster migrating 
form in both treated and untreated cells (Fig. 7a). Because 
PPI treatment did not significantly change the UVA-induced 
banding patterns of c-Fos and c-Jun, total protein lysates 
were incubated with PP2A and immunodetected with c-Fo.s 
and c-Jun antibodies. The slower migrating forms of c-Jun 
at 15 and 30 min in the UVA-irradiated samples were shifted 
to faster migrating forms, but the UVA-induced protein 
bands were not affected (Fig. 7b). c-Fos banding patterns 
were dramatically changed upon PP2A treatment. Slower 
migrating forms that were detected in both irradiated and 
unirradiated lysates were significantly shifted to faster mi- 
grating forms, with the predominant band migrating at ap- 
proximately 40 kDa (Fig. 7b). 
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Figure 7. Protein phosphatase treatment of UVA irradiation-ia- 
daccd AIM family members. Concentrated total cellular protein was 
isolated from mock-trcatcd or 250 kJ/m 1 UVA-imidiated HCL14 
ceUs. (a) Fony micrograms protein from selected time points was 
treated with 5 units PPI for 10 min at 30°C\ electrophoresed on 
12.5% SDS-polyacrylamide'gels, transferred to Immobilon-P mem- 
branes and immunodetected with antibodies against Fra-1 and Fra- 
2 antigens, (b) Forty micrograms protein from selected time points 
was treated with 0.5 units PP2A for 20 min at 30°C, electrophoresed 
on 12.5% SDS-polyacryuunide gels, transferred to Immobilon-P 
membranes and immunodetected with antibodies against c-Fos and 
cJun antigens. Western blot data are representative of two indepen- 
dent experiments. 



UVA induction of c-fos and c-jun mRNA levels and 
c-fns transcriptional activation 

c-Fos can be regulated at the level of transcription, RNA 
stability, protein degradation and posttransJatibnai modifi- 
cation (41). Because c-Fos was implicated as a primary com- 
ponent of the APtI DNA binding complex and its protein 
expression was induced in response to UVA irradiation, c- 
fo.i mRNA levels and the transcriptional activation of the c- 
fos gene were additionally examined to further delineate the 
mechanism of its activation. Transcripts of c-fos were de- 
tectable immediately after irradiation and continued to be 
detected up to 1 .5 h after irradiation (Fig. 8). Although tran- 
scripts were also detected in unirradiated samples up lo 45 
inin alter irradiation, differential expression between irradi- 
ated and unirradiated samples was observed between 15 and 
90 min alter irradiation. Initially elevated c-fos transcripts. in 
both irradiated and unirradiated HaCaT cells may be a stress 
response to the long irradiation period in supplemented PBS 
that was necessary to achieve 250 kJ/m 2 UVA irradiation. 

c-Jun mRNA levels were also examined in an attempt to 
correlate c-jun transcription with translation of the c-Jun pro- 
tein. c-Jim transcripts were observed at every time point in 
both irradiated and unirradiated HCL14 cells. Induction of 
c-jun transcripts with 250 kJ/m 2 UVA was detected between 
15 min and 4 h after irradiation, with maximal induction at 
approximately 90 min- after irradiation (Fig. 8). UVA-in- 
duced increases in c-jun mRNA levels were slightly delayed 
and, although transient, sustained for n longer period of time 
than UVA-induced c-fos mRNA levels. 

The HaCaT cell line was also stably transfected with a c- 
fox luci (erase reporter plasmid containing a 445 bp fragment 
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Hgure 8. Northern blot time course of c-fo.r and c-jun expression 
using 250 kJ/m 2 UVA. Twenty micrograins total RNA from mock- 
treated and UVA-irradiaied 1ICL14 cells was electrophoresed in 1% 
agarose-formaldehyde gels, transferred to nylon membranes under 
75 lb pressure and hybridized with 25 ng ["P|a-dCTP-Jabeled c-fos 
and c-jun cDNA probes. ["PJu-dCTP-labeled GAPDH cDNA 
served as a loading control. mRNA levels of control cells held in 
scrum-free medium at 37°C and under 5% CO; (sf) are shown at 15 
and 45 min lime points to demonstrate expression clianges that may 
be related ui extensive irradiation periods. Northern blol data are 
representative of two independent experiments. 



of the human c-fos gene promoter, as reported previously 
(36). This KI..30 cell line was irradiated with 250 JcJ/m 3 
UVA, and total protein lysates were examined for luciferase 
activity. Significant UVA induction of c-fox transactivation 
was detected between 2 and 8 h after irradiation, with max- 
imal c-fos transactivation between 3 and 4 h after irradiation 
(Fig. 9). These results suggest that transcriptional activation 
of the c-fos gene contributes to the detectable increase in 
UVA-induced c-fos mRNA expression. 

DISCUSSION 

UVA radiation is the most abundant and most penetrating 
component of solar radiation that reaches the earth's surface 
(2). Chronic exposure to UVA plays an important role in 
dermal and epidermal photodamage and is. a contributing 
factor in the development of skin cancer (3,5-7). UV radi- 
ation exposure leads to increased gene expression, in mam- 
malian cells (1 1,32). The mechanisms by which UVA irra- 
diation leads to increased transcriptional expression and ac- 
tivation of human genes are currently under investigation. 
Deregulated expression of the AP-1 complex has been 
shown to play a prominent role in the promotion of skin 
tumors and may be required to maintain the tumorigenic 
phenotype (25-29). 




0.5 1 2 3 4 8 12 24 
Time after treatment (h) 

Figure 9. UVA induction of c-fos tmnsactivation. Time course ex- 
periments analyzing the lucifenise uelivily of 30 u.g Uital cell lysate 
from mock-trcatcd and 250 k.l/m 2 UVA-irradiated FL30 cells were 
performed. Fold inductions with respect to mock-treated controls are 
listed ubove the set of bars for each time point. Each bar represents 
the mean ± SD of triplicate samples, 'lnc data are representative of 
duplicate experiments. 
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In this study. 250 kJ/m 2 UVA irradiation enhanced AP-1 
DNA binding to a TRE oligonucleotide and caused increased 
AP-1 transactivation in a dose-dependent manner in (he im- 
mortalized, human keratinoeyte cell line HaCaT. As expect- 
cd, maximal AP-1 DNA binding slightly preceded, in time, 
the AP-1 transactivation detected upon UVA irradiation. 
Transcription and translation of AP-1 complex components 
contributed to the UVA-induced enhanced AP-1 DNA bind- 
ing. However, mRNA or protein stabilization (or both) can- 
not be excluded and may account for the residual AP-1 DNA 
complexes that were detected in inhibitor-treated nuclear 
protein extracts. This, is in contrast to die report of Djavah- 
eri-Mergny et al. (19), who found that UVA activation of 
AP-1 DNA binding was maintained after treatment with cy- 
cloheximide before, during and after irradiation. The rapid 
induction of the AP-1 DNA binding complex within the first 
hour and the lack of effective cyclohcximidc inhibition sug- 
gested a positranslational effect of UVA on AP-1 activity in 
NCTC 2544 cells (19). 

The occasional increase in DNA binding, which we ob- 
served in the cydohexiinide-treated. unirradiated cells (data 
not shown), may have been caused by a cycloheximide-in- 
duced riboioxic stress response that led to heightened acti- 
vation of preexisting AP-1 complex proteins. Because cy- 
cloheximide was not added to the cells during mock or UVA 
irradiation treatment, translation of mRNA transcripts may 
have occurred at that time. Because UV radiation has also 
been found to inhibit protein synthesis (42), we did not ob- 
serve this, phenomenon in UVA- arid cycloheximide-treated 
cells. 

c-Fos was implicated as a primary component in the AP- 
I DNA binding complex, and its expression was induced at 
both the transcriptional and translations! levels upon UVA 
stimulation. Other minor complex components included c- 
Jun, JunB, JunD and Fra-2. Djavahcri-Mcrgny et al. (19) 
reported the presence of c-Jun and c-Fos in the AP-1 DNA 
complexes induced with 190 kJ/m 2 UVA irradiation in 
NCTC 2544 human keratinocytes. However, other Fos and 
Jun family member antibodies were not tested for their abil- 
ity to supershift the AP-1 DNA-binding complex. 

UVA induction of" AP-l complex proteins, AIM DNA 
binding and AP- 1 transactivation occurred more rapidly than 
induction by UVB in HaCaT cells. Whereas UVA-induced 
AP-1 transactivation and protein level changes in c-Fos, c- 
Jun and Fra- 1 occurred between 2 and 4 h after irradiation, 
UVB induction of AP-1 activation occurred maximally be- 
tween 12 and 24 h after irradiation (36). Time kinetic dif- 
ferences for UVA- and UVB-induced apoplosis (43), cell 
cycle arrest (44) and DNA damage repair (45) have also 
been reported. Therefore, the signaling pathways that are 
activated in response to UVA and UVB insult leading to 
AP- 1 transactivation may differ as well 

c-Fos, c-Jun and Fra-1 protein accumulation paralleled the 
induction of AP-1 transactivation by UVA irradiation. Ad- 
ditionally, the unaltered expression of JunB, JunD and FosB 
implicated these proteins as possible contributors to the de- 
lectable basal levels of AP-1 activity. The actual protein 
complexes formed in these irradiated and unirradiated hu- 
man keratinocytes have not been fully elucidated. Although 
Fra-2 protein expression was detected in both irradiated and 
unirradiated cells, the slight induction of the faster migrating 



form al laier time points suggests a possible role for this 
protein in UVA-induced AP-1 activity, as well. 

Induction of c-fox mRNA levels and transcriptional acti- 
vation of the c-fos gene promoter by UVA suggest that de 
novo transcription of c-fos occurs in these keratinocytes. In- 
terestingly, c-jun mRNA levels were also induced upon 
UVA irradiation but peaked at a later time point, appeared 
to he less sensitive to the stress of treatment conditions and 
remained upregulated for an extended period of time when 
compared with UVA-induced C-fos expression. The sus-' 
mined induction of c-jun RNA levels may be a consequence 
of c-Jun's ability to positively autoregulate its own transcrip- 
tion through an AP-1 binding site in its promoter region 
(46,47). This auloactivation of c-jun mRNA may first require 
the posllranslaiiona) modification of existing c-.Iun proteins 
that we observed at 1.5 and 30 min after UVA irradiation 
(47). 

Immediate early gene products are frequently posttrans- 
lationally modified to induce their transcriptional activator 
potential in response to extracellular stimuli (30). The ap- 
parent Fra-1 and Fra-2 protein shifts detected after PP1 treat- 
ment are testament to the positranslational phosphorylation 
of these proteins. In fact, Gruda et al. (48) reported thai Fra- 
I and Fra-2 proteins were highly phosphorylalcd in serum- 
stimulated, asynchronously growing 3T3 cells and thai their 
phosphorylation caused dramatic shifts in the electrophoretic 
mobility of the proteins. The inability of PP1 treatment to 
pioducc significant shifts for c-Fos and c-Jun suggested that 
these proteins may not be suitable substrates for PP1 activ- 
ity. PP1 is a serine-threonine phosphatase that may not be 
able to recognize the phosphorylation sites of these proteins. 
Recognition and cleavage of only a few key sites may not 
change die mobility of the proteins dramatically enough to 
be detected by Western blot analyses. 

c-Fos can be phosphorylated by protein kinase A (PKA), 
PKC, MAPK, p34«* J , DNA protein kinase, glycogen syn- 
thase kinase-3 (CSK-3) and rsk at multiple sites in the reg- 
ulatory regions of the protein (49,50). We detected a distinct 
reduction in c-Fos mobility upon induction of the protein by 
UVA irradiation. Distinct conformational alterations and 
charge effects that change the electrophoretic mobility of c- 
Fos have been reported previously in in vitro phosphoryla- 
tion assays with p34 cdc - 2 , PKA and PKC (50). Because c-Fos 
is known to be extensively phosphorylated on serine and 
threonine residues in the nucleus (50), wc attempted phos- 
phate cleavage with another serine - threonine phosphatase, 
PP2A, which appears to be the major kinase phosphatase 
responsible for the downregulation of activated protein ki- 
nases (51). Although protein bands for the PP2A enzyme 
itself were also detected with the c-Fos antibody, dramatic 
shifts in c-Fos protein migration were detected with this 
phosphatase. The predominant shifted band migrated at ap- 
proximately 40 kDa and was more pronounced in the UVA- 
irradiated lysates. Barber and Venna (52) demonstrated that 
most, if not all, c-Fos phosphate groups were in the form of 
phosphocstcrs. Hydrolysis of these phosphoeslers caused a 
dramatic increase in the electrophoretic mobility of c-Fos. 
with extreme shifts resulting in a 15 kDa molecular mass 
difference. 

c-Jun is preferentially dcphosphorylatcd by purified prep- 
arations of PP2A in okadaic acid-trcatcd cells, and its activ- 
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ily can be regulated by this phosphatase. The site of PP2A- 
catalyzed dephosphorylation of c-Jun has been mapped to 
the amino acid serine at position 63 (53.54). PP2A treatment 
shifted the slower migrating form of c-Jun in the UVA-ir- 
radiatcd cells at 15 and 30 min after irradiation to a faster 
migrating form. The phospho-form of c-Jun serine 73 was 
detected between 2 and 4 h after irradiation, but there was 
a concomitant lack of PP1- or PP2A-induccd band shifting 
at these time points. Serine 73 may not be a target for PP1 
or PP2A dephosphorylation. Additionally, c-Jun contains re- 
pressive serine-threonine phosphorylation sites near the ba-. 
sic region that holds c-Jun in an inactive state (24,55). GSK- 
3 has been shown to phosphorylaie these sites and modulate 
the DNA-binding activity of c-Jun (41). Therefore, c-Jun 
requires a delicate balance of phosphorylation-dephosphor- 
ylation events to achieve maximal transactivation potential. 

Although most studies of UV-itiduccd signal transduction 
pathways leading to altered gene expression have focused 
on UVB and UVC radiations, UVA effects on signal trans- 
duction and activation of stress response genes are current 
topics of great, interest. The oxidative stress induced by UVA 
irradiation is primarily mediated through reactive oxygen in- 
termediates and has been [bund to induce the expression or 
activation of several key signal transduction genes, such as 
JNK, p38 and c-Fos in human skin fibroblasts (12,13,56). 
Intracellular glutathione depiction reduced (he intracellular 
redox equivalents and significantly increased the expression 
of c'-Fos and c-Jun in UVA-iiradiatcd human skin fibroblasts 
(57). TJVA-induccd NF-kB activation in human skin fibro- 
blasts was correlated with membrane damage (20). In human 
keratinocytes, UVA radiation activated ST ATI (18), AP-I 
(19), AP-2 (11), PKC (17) and the MAPK (JERK, JNK and 
p38) (14) but decreased NF-kB DNA-binding activity (58). 
In mouse epidermal cells, phosphorylation and activation of 
STAT3, p70 S6K and p90 RSK after UVA exposure have also 
been repotted (21-23). 

This study further characterized the role of AP-I activa- 
tion in UVA-irradiatcd human keratinocytes and implicated 
key components that are activated in response to this oxi- 
dative stress. Taken together, these results demonstrated that 
UVA irradiation induces AP-1 DNA binding and AP-1 ac- 
tivation in the human keratinocyte cell line HaCaT. Accu- 
mulation of c-/as mKNA and protein may play a critical role 
in the response of these cells to UVA irradiation. c-Fos has 
poor affinity to DNA and cannot transactivale without a jun 
family member (24,41). Therefore, the combined effects of 
other AP-1 family members whose expression is induced (c- 
Jun, Fra-1. Fra-2) or that bind to the AP-I site in response 
to UVA irradiation (c-Jun, JunB, JunD, Fra-2) are also im- 
portant to ultimately achieve AP-1 induction in these kera- 
tinocytes. 
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Abstract 

Deoxycytidine kinase (dCK.) is required for the phosphorylation of several deoxyribonueleoside analogues that arc widely 
employed as chemothcrapeutic agents. Examples include cytosine arabinosidc (Ara-C) and 2-chlorodeoxyadenosinc (CdA) in the 
treatment of acute myeloid leukaemia (AML) and gemcitnbine to treat solid tumours. In this study, expression of dCK mRNA was 
measured by a competitive template reverse transcriptase polymerase chain reaction (CT RT-PCR) iu seven cell lines of different 
histological origin, 16 childhood and adult AML samples, 10 human liver samples and II human liver metastases of colorectal 
cancer origin. The enzyme activity and protein expression levels of dCK in the cell lines were closely related to the mRNA expres- 
sion levels (/■ = 0.75, P=0.026 and i=0.86, ?^0.007). In AML samples, dCK mRNA expression ranged from 1.16 to 35.25 
( x lO-*xdCK;P-aam). In the cell line panel, the range was 2.97-56.9 (x VlrWdCKjfl-ar.tin) otdCK mRNA expression. The enzyme 
activity in liver metastases was correlated to dCK mRNA expression (/•■- 0.497. P = 0.05). Jn the liver samples, these were not cor- 
related. dCK mRNA expression showed only a 36-fold range in liver while a 1 50-fold range was observed in the liver metastases. In 
addition, dCK. activity and mean mRNA levels were 2.5-i'old higher in the metastases than in the liver samples. Since dCK is 
associated with the sensitivity to deoxynucleosidc analogues and because of the good correlation between the different dCK mea- 
surements in malignant cells and tumours, the CT-RT PCR assay will be useful in the selection of patients that can be treated with 
deoxycytidine analogues. 
(0 2003 Published by Elsevier Science Ltd. 

Keywords: Deoxycytidine kinase; Solid tumours: AML; Gemcitabine; Ara-C 



2-cb.lorodeoxyadenosine (cladribine, CdA). The activity 
of dCK shows a wide variation in normal and malig- 
nant cells and tissues [1.2]. 

The level of dCK activity has been reported lo be 
closely related to sensitivity to deoxynucleoside analo- 
gues such as CdA [3], Ara-C and dFdC [4-9]. A defi- 
ciency of dCK leads to a resistance to deoxycytidine and 
deoxyadenosine analogues [10,11], therefore pretreat- 
ment measurements of dCK might be of predictive 
value [5]. However, relative large cell numbers or 
tumour biopsy specimens are required for measure- 
ments of activity. The use of the polymerase-chain 
reaction (PCR) enables us to use small biopsy specimens 
or a small number of cells. Therefore, we applied reverse 
transcriptase (RT)-PCR techniques to develop a sensi- 
tive assay for the expression of dCK mRNA. In order to 
quantify the expression, we used competitive templates 

0959-8049/03/'$ - see trout matter © 2003 Published by FJscvier Science Ltd. 
doi: 1 0. 1016/S095y-8049(02)008 1 3-4 
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1. Introduction 

Deoxycytidine kinase (dCK) (EC 2.7.1.74) is a pyr- 
imidine salvage enzyme that phosphorylates deox- 
ycytidine, deoxyadenosine and deoxyguanosine. 
Furthermore, it is responsible for the phosphorylation 
of several deoxynucleoside analogues, which are 
widely used as anticancer and antiviral agents, such as 
1-P-D-arabinosyl cytosine (cytarabine, Ara-C), 2'2'- 
difluorodeoxycytidine (gemcitabine, dFdC) and 
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3844. 
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dam. The Netherlands. 

2 Present address: University Centre for Pharmacy, University of 
Groningen, The Netherlands. 
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(CTs) Tor dCK mRNA which were included in the same 
reaction mixture. 

In this study, dCK mRNA expression was compared 
with dCK activity and protein expression in a panel of 
solid tumour and leukaemia cell lines, as well as in 
samples from adult and paediatric leukaemia patients, 
and from liver and liver metastases from patients with 
colorectal cancer. 



[13] and isolated by density gradient methods. Con- 
taminating non-leukaemic cells were removed by 
immuuomagnetic beads resulting in a percentage of 
leukaemic cells above 80%, as morphologically deter- 
mined by May-Griinwald Gienisa staining of the 
cytospins. 

2.4. Liver and liver metastases 



2. Materials and methods 

2.1. Materials 

.[S-'HJ^-Chloro^'-deoxyadenosine (24.2 Ci/mmol) 
was obtained from Moravek, Brca, CA, USA. RNAzol 
was purchased from Campro Scientific (Vccnendaal, 
The Netherlands); Moloney Murine Leukemia Virus 
Reverse Transcriptase (M-MLV-RT) and RNase inhi- 
bitor (25 IU/ul) were obtained from Promega (Madison, 
WI, USA). Deoxyribonuclcotides (dNTPs), random 
hexamers, and Taq polymerase (5 IU/ul) were pur- 
chased from Amersham/Pharmacia Biotech (Roo- 
sendaal. The Netherlands). Primers were from Isogen 
(Maarssen. The Netherlands). RESponsc Research 
agarose was obtained from Biozym (Landgraaf, The 
Netherlands). The rabbit anti-human dCK. polyclonal 
antibody was produced and tested at the Institute of 
Molecular Biology and Biotechnology at Crete by the 
group of Dr 1. Talianidis [12]. 

2.2. Cells 

The cancer cell lines BxPC3 (pancreas), UMSCC14C 
(head and neck) A2780 (ovarian), H322 (non-small cell 
lung), CCRF CEM (T-cell acute lymphoid leukaemia), 
U937 (histiocytic lymphoma) and HL60 (acute myeloid 
leukaemia (AML)) were used to measure dCK expres- 
sion and activity. The variants AG6000 (A2780 resistant 
to gemcitabine), CCRF CEM-dCK" (CCRF CEM 
resistant to AraC) were included to set the lowest level 
of dCK activity. The solid tumour cell lines were cul- 
tured in Dulbecco's modification of Eagles medium (Bio 
Whittaker Europe, Vervicrs, Belgium) supplemented 
with 5% fetal calf serum (PCS) (Gibco, Paisly, UK). 
The others were cultured in Roswell Park Memorial 
Institute (RPMI) medium (Bio Whittaker) with 10% 
FCS. Subconfluent flasks with cells were harvested and 
counted. The cell pellets were frozen at —70 °C until 
further analysis. 

2.3. Acute myeloid leukaemia samples 

Mononuclear blast cells were derived after informed 
consent from 4 adult and 12 paediatric patients with 
acute myeloid leukaemia as previously described in Rcf. 



Biopsies of liver metastasis and normal liver of 
patients with histologically-proven colorectal cancer 
were used to study dCK in solid tumours and normal 
tissue. Samples were immediately frozen in liquid nitro- 
gen and subsequently stored at -80 C C. Frozen tissues 
were pulverised using a microdismembrator [I], powr 
dcred tissue could be stored for the different dCK assays. 

2.5. Deoxycytidine kinase activity 

dCK activity in each of the cell lines was determined 
using 3 H-CdA as a substrate, since CdA is a better and 
more specific substrate than deoxycytidine, which can 
also be phosphorylated by thymidine kinase 2. The 
assay was based on a method described by Arner and 
colleagues in Ref. [14]. Cell pellets (at least 1.5xl0 7 ) 
were resuspended in 50 mM Tris(hydroxymethyl)-ami- 
nomethane (TR1S)/HC1 buffer (pH 7.4), containing 4 
mM dithiothreitol (DTT), at a concentration of 30x 10* 
cells/ml and kept on ice. Frozen tissue was suspended in 
50 mM TR1S/HC1 buffer (0.33 g/ml). Cells were dis- 
rupted by sonification and the suspension was cen- 
trifuged for 15 min at 7000g. The supernatant was used 
for the enzyme assay and protein determination. We 
used 25 ul of supernatant (6-126 ug protein) and added 
10 ul 50 mM MgATP/100 mM NaF, 10 ul 250 uM 
[8- 3 H]-CdA (specific activily 0.19 uCi/nmol) and 5 ul 
TR1S/HCI buffer. This mixture was incubated at 37 °C. 
The assay was stopped by heating the samples to 90 °C, 
then 10 ul of 10 mM CdA was added to enable its loca- 
lisation by ultraviolet (UV) absorbance on the PEI thin 
layer sheets. The samples were centrifuged in order to 
spin down the protein and subsequently 5 ul was spot- 
ted onto polyethyleneimine (PEI) cellulose thin-layer 
chromatography sheets. The sheets were developed with 
water to separate substrate and product. The different 
spots were cut and put into a vial with 750 ul of 0. 1 M 
HC1/0.2 M KC1 to enable elution of radioactivity from 
the PEI cellulose, during 2 h of shaking. After addition 
of liquid scintillation fluid, radioactivity was counted. 
Enzyme activity was expressed as pmol CdA-MP 
formed per h per mg protein. 

2.6. Competitive template RT-PCR 

The isolation of RNA was performed with RNAzol 
as previously described in Ref. [I3J. Cell pellets were 
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suspended in an aliquot of 200 pi of RNAzol per 10 6 
cells. Twenty micrograms of the isolated RNA was used 
for reverse transcription into cDNA. Random hexamers 
were used as primers for M-MLV-RT at a concen- 
tration of 0.045 ug/'ul. After a brief incubation at 56 J C 
to remove secondary structures, samples were quickly 
cooled down on ice and annealing of the hexamers also 
took place on ice. The extension of the primers was at 
42 °C using M-MLV-RT. The reaction was terminated 
by heating at 95 °C for 5 min. cDNA samples were 
stored at -20 °C until further use. 

The design of the primers and the CT was based on the 
method described by Willey and colleagues in Refs. 
[13,15,16]. One forward (A) and two reverse primers (BC 
and C) were selected by Oligo software requiring an 
optimal annealing temperature of 58 °C, absence of hair- 
pins and no predictable stable primer-dimer formations. 

A: 5'-G A AGG G A AC ATCGCTGC AGG 

C: 5'-TGGCCAAATTGGlTATTCATCC 

BC: 5'-TGGCCAAATTGGTTATTCATCCTTGAG- 

CTTGCCATTCAGAGAGG 

The primers A and C were used to amplify a native 
template of 425 bp covering exons 2, 3 and part of 4 of 
dCK. The primers A and BC were selected for the con- 
struction of the CT. The B sequence is upstream of C 
and amplification with A and BC resulted in a shorter 
product of 294 bp. This product was the CT linked by 
the A and C sequence, which was further purified and 
quantified as described in Refs. [13,15]. The 0-actin gene 
was used as a reference gene and the previously pub- 
lished construction of the f)-aciw CT was used [16]. 

CTs of $-act\n and dCK were mixed in a ratio of 10, 
100 and 1000 (I0" 12 Mf/l0~ ls M; 10~ 12 M/10 14 M; 
10" ,2 M/10 -15 M) based on preliminary experiments. 
One single master mix was prepared for every cDNA 
sample containing PGR buffer (lx), MgCl 2 (1.5 mM). 
dNTPs (200 pM), Taq polymerase (5 pi, final concen- 
tration 0.02 U/ul), sample cDNA and CT mix in a total 
volume of 46 pi. dCK and fi-aclm primers (4 pi, final 
concentration 4 ng/pl of each primer) were added to 
different tubes, which already contained certain aliquots 
of the master mix. Reaction mixtures were overlayed 
with mineral oil and eycled in a MJ Research PTC-200 
(Biozym, Landgraaf, The Netherlands). A semi-hot 
start from ice to 94 °C was performed and with 1-min 
steps of denaluration at 94 °C, primer annealing at 58 °C 
and elongation at 72 'C the PGR reaction continued for 
35 cycles. 

PCR products were separated by electrophoresis on 
2% agarose gels containing 0.1 pg/ml ethidium bro- 
mide. Quantification was by digital imago analysis using 
Scion Software. The concentration of native template 
molecules in the cDNA samples was calculated by the 
ratio of the intensity of native templatc/CT and the 
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molarity of the CT mixture as previously described in 
Refs. [13.15,16]. Normalisation of the dCK. expression 
to the expression of fi-actm was based on data obtained 
from assays with the same master mixture. 

The dC K expression in the cell lines was determined at 
least three times on different cDNA samples of one cell 
line. The expression in the AML samples was measured 
once, because these samples were also used for several 
other assays. Levels of expression were reported as units 
dCK mRNA 0-actin mRNA x 10 1 molecules. 

2.7. Western blotting 

Western blots were produced according to a pub- 
lished method in Ref. [12]. Protein extracts (30 pg) were 
electro phorcsed on 12.5% sodium dodecyl sulphate 
(SDS)-polyacrylamide gels and transferred by electro- 
blotting to nitrocellulose membranes (Hybond ECI. 
membranes, Amersham, Buckinghamshire, UK). After 
overnight incubation in blocking buffer (5% bovine 
serum albumin in TRIS-buffercd saline with 0.1% 
Tween 20), the blot was probed with rabbit, anti-human 
dCK polyclonal antibody (1:5000, 1 h at room tem- 
perature) and goat anti-rabbit secondary antibody con- 
jugated to horseradish peroxidase (1:40,000, 1 h at room 
temperature). Purified recombinant dCK (10 ng), 
extracts of AG6000 cells lacking dCK and parental 
A2780 ovarian cancer cells were tested on every blot to 
identify the dCK band. Levels of relative expression 
were determined by densitometry scanning (Imaging 
Densitometer, model GS-690, Biorad of the X-ray films 
(llyperfilm ECL). dCK protein levels were expressed as 
ng dCK per mg total protein. 

2.8. Statistics 

The Spearman correlation test was used to quantify the 
relationship between dCK activity and dCK expression 
at the mRNA and protein level. Student's /-test was used 
for comparison of paired and unpaired samples. 



3. Results 

The panel of cell lines had a 10-fold variation in dCK 
activity. The lower level was set by CCRF-CEM/dCK" 
and AG6000 (1.2 and 1.4 pmol/h per mg protein, 
respectively). The mRNA expression showed a 19-fold 
variation for the cell lines (Table 1). No dCK mRNA 
could be detected in CCRF-CEM/dCK - . AG6000 
showed a normal and a truncated mRNA product as 
has been previously published [6], this complicated 
accurate quantification and this cell line was excluded 
from the mRNA expression evaluation (Fig. 1). The 
reproducibility of the CT-RT-PCR assay in the cell lines 
is given in Table 1 as the relative standard deviation. 
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Tabic 1 

dCK mRNA expression in ceJl lines and AM L samples" 



Sample 



Cell line 



dCK mUNA expression 
Ratio )O- 3 x<iCKI0-acti)i 



Relative standard 

deviation 

(%) 



ccrf cem 

HL60 

U937 

A2780 

UMSCC14C 

BxPC3 

H322 

AML 

0438* 

4695' 

4779 

6250* 

7470 

7578 

7621 

7747 

7985 

8019 

8051 

8069 

8196 

8400* 

8773 

8774 



38.0 ±17.3 
56.3 ±19.9 
56.9 ±6.60 
6.06 ±6.76 
4.73*0.38 
2.97±0.I6 
5.97±1.54 

4.24 

1.87 

3.12 

10.79 

26.30 

35.23 

19.40 

I. 16 
2.77 
12.27 
9.88 
3.52 
26.17 

II. 39 
3.00 
4.40 



33 

26 

7 

J5 

10 

9 

6 



AML. acute myeloid leukaemia. 

a mRNA expression is the mean ± standard error of the mean 
(S.E.M.) of at least three measurements on different samples for the 
cell lilies. The relative standard deviation (S.D.) is based on 2-3 mea- 
surements on the same sample. (*) Indicates adult AML samples, the 
others are from childhood AML; not enough clinical material was 
available to measure enzyme activity. No expression was measured in 
the Ara-C- and gcmcilabine-resistant cell lines. 



532- 
416- 



♦-425 
♦•294 



Fig. 1. Representative X-ray photos of p-aclin and dCK gene and 
competitive template (CT) products of the cell lines and 2 AM), sam- 
ples (7470 and 7578). The blots shows three hands for both dCK and 
P-actin: 532 and 425 arc the number of the basepairs encoded by (he 
forward and reverse primers for the native cONA of p-actin and tICK. 
respectively; 415 and 294 are the number oT basepairs encoded by the 
competitive templates for p-actin and tICK, respectively. The inter- 
mediate band is a heterodtmer (HI)) which can be formed between the 
native cDNA and the competitive template. The contribution of the 
HI) was calculated as previously described in Rcfs. [13,16]. The bands 
were scanned and the optical density (OD) was used to calculate a 
ratio between the native cDNA and CT of each target, thcraftcr these 
ratios were used to calculate the ratio for dCK and p-actin. 



The AML samples had a 30-fold range of dCK mRNA 
expression that overlapped with that of the cell lines, 
although the high level of expression in the cell lines 
HL60 and U937 was not seen in the patient samples. 

Liver metastases contained a mean 2.5-fold higher 
dCK enzyme activity than the surrounding normal liver 
samples (10.1 ±1.9 and 4.0 ±0.4 nmol/h/mg protein, 
respectively, f=0.004. Student's Mest for paired data) 
(Fig. 2). The range of dCK activities in the liver metas- 
tases was about 17-fold (1.4-23.8 nmol/h per protein), 
while that in the liver ranged only 3-fold (2.0-6.7). The 
dCK mRNA expression showed a wide variation for 
these samples: a 150-fold difference (0.53-80.4). The 
subgroup of liver samples had a 36-fold range (0.63 
22.7) in dCK mRNA expression levels. 

The correlation between dCK activity and dCK mRNA 
levels in the cell lines is depicted in Fig. 3a. The corre- 
lation coefficient determined by Spearman rank corre- 
lation was r-0.75 (f^O.026). The correlation between 




cc 
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nmol/h/mg protein 
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A2780 
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5 10 1 5 20 25 

nmol/h/mg protein 
# Protein □ mRNA 

Kig. 2. Activity or dCK. amount of dCK protein and dCK mRNA 
. expression in normal livers and liver metastases (mcta) from colorectal 
cancer. The dCK activity in liver metastases was significantly higher 
than in livers (/»=0.004). In livers, no correlation was found between 
dCK activity and dCK mRNA, while dCK activity was related to dCK 
protein (r=0.59; ^=0.013). However, in liver metastases, dCK activ- 
ity was correlated with dCK mRNA (r" 0.497; 7 1 = 0.05). but not to 
dCK protein. One liver metastasis sample is not shown having 72.9 ag 
dCK/mg protein and 80.4 as t/C\'mRNA expression. One liver sample 
had a dCK mRNA of 22.7 and a dCK activity of 5 nmol/h/mg protein. 
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(a) 60 




nmol/h/mg protein 



(b) 60 




0.4 

ng/|ig protein 

Fig. 3. (a) Correlation between mRNA expression and dCK activity 
in a panel of seven cell lines of different origin. Correlation coefficient 
i 0.75 (/> = 0.026). (b) Correlation between mRNA expression and 
dCK protein expression in a panel of seven cell lines of different origin. 
Correlation coefficient r = 0.79 (^ = 0.018). 



these dCK measurements in pooled liver and liver 
metastases is r= 0.416 (P= 0.024). The correlation was 
also observed for liver metastases only (Fig. 2) (>■= 0.497, 
P= 0.050), but not for the subgroup of livers. 

The dCK protein expression in the cell line panel 
(Figs. 3b and 4) varied about 7.2-fold. The correlation 
with dCK mRNA (Fig. 3b) was r-0!85 (/>= 0.007), as 
determined by Spearman rank correlation. In addition, 
the correlation coefficient of protein expression and 
activity was significant f/^0.79. F=0.018, Speamian). 

In the liver metastases, dCK protein levels were 
clearly higher and had a broader range compared with 
the normal liver samples (5.3-72.9 and 0.5-7.4 ng dCK/ 
mg protein, respectively) (Fig. 2). A correlation between 

1 23456789 



30 kD- 



Fig. 4. Western blot of dCK. protein in the dillerent cell lines (1. 14C; 
2, A2780; 3, AG6000; 4, BxPC3; 5, CEM; 6. H322; 1, HL60; 8, U937; 
9, dCK-HlS). 



dCK activity and protein was found in the liver samples 
(/• = 0.59, / > =0.013), but not in the metastases. There 
was no correlation between dCK mRNA and protein 
expression in these samples. 



4. Discussion 

The expression of dCK mRNA in a panel of solid 
tumour cell lines and leukaemia and lymphoma cell lines 
was closely correlated to the activity of this enzyme. This 
relationship had already been established for a panel of 
six leukaemia cell lines by Kawasaki and colleagues in 
Ref. [17]. For solid tumour cells from different histolo- 
gical origin such a relationship had not yet been estab- 
lished. Any such correlation is of major interest because 
of the important role of some novel deoxynucleoside 
analogues, such as gemcitabine, in the treatment of solid 
tumours. Our panel is a mixture of both leukaemie and 
solid tumour cells, and if we considered only the four 
solid tumour cell lines, the relationship was weaker. The 
correlation between dCK activity and dCK mRNA 
expression in liver metastases was also weaker and its 
statistical significance was borderline (P - 0.05). 

The substrate CdA, which we used, is also a substrate 
for deoxyguanosine kinase (dGK), albeit with a much 
higher K m (85 uM) and lower efficiency than tor dCK (5 
uM) [18,19], The cell lines CCRF-CEM-dCK" and 
AG6000 have some CdA phosphorylating capacity, but 
they do not show a dCK protein band in western blot- 
ting. The activity measured here is most likely due to 
dGK activity, which is also present in the cell extract. 
The positive relationship between dCK enzyme activity 
and pTOtein expressioti has also been observed in studies 
of Kawasaki [20] and Spasokoukotskaja [21]. The var- 
iation in the dCK mRNA expression in the AML sam- 
ples (30-fold) is somewhat lower than that found in a 
study with 13 childhood AML samples (50-fold) [22] 
and 35 childhood ALL and AMI., samples [23] in which 
samples from relapsed leukaemie cells had a lower dCK 
expression. In addition, for the enzyme activities, a 
comparable range in dCK levels was found [24]. 

The relationship between dCK activity and response 
to treatment with deoxynucleoside analogues has been 
investigated in several malignancies. Hairy cell leukae- 
mia, which is very sensitive to CdA showed both high 
dCK and dGK activity. The degree of total CdA phos- 
phorylation correlated with the response to CdA treat- 
ment of both hairy cell leukaemias and chronic 
lymphocytic B-cell leukaemias, although other factors 
also seemed to be involved [3,25]. In AML, dCK activ- 
ity correlated with the response to Ara-C treatment in 
21 patients [26). ALL patients more often relapsed when 
dCK expression was low or absent [27]. Transection 
experiments with dCK and other deoxynucleoside 
kinase [28] genes has underlined the important role of 
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dCK in the antitumour activity of deoxynucleoside 
analogues. Increased expression of dCK gene by trans- 
fection restored and enhanced the sensitivity to deoxy- 
nucleoside analogues that are activated by dCK [8,9,29], 
both in vitro and in vivo. 

Most of the AML samples were derived from child- 
hood AMLs [13]. which are always treated with an Ara- 
C-containing protocol. The large range of dCK mRNA 
expression, which overlapped with the expression of the 
cell lines, indicates that this disease in general has an 
intrinsic sensitivity to Ara-C, but that individual differ- 
ences in sensitivity to Ara-C exist. Moreover, this has 
been reported and has prognostic significance [30,31]. 
Recently, a clinical protocol including Ara-C was started 
in which dCK expression will be evaluated prospectively. 

Ciemcitabine is currently being used for the treatment 
of many solid malignancies. Single agent gemcitabine 
shows little activity in colorectal cancer, but it is not 
clear whether this is due to a low dCK expression. 
Therefore, we designed this study to determine dCK 
expression in liver metastases. No information is cur- 
rently available on the relationship between response 
and dCK activity in patients. In cell lines, we previously 
reported a relationship between gemcitabine sensitivity 
and dCK. activity [6,7], while in xenografts [5], we also 
observed a relationship between gemcitabine sensitivity 
and dCK activity. dCK gene transfer enhanced the 
antitumour effect of gemcitabine on tumour xenografts 
[9], confirming the relationship between dCK and gem- 
citabine activity. It is remarkable that the dCK. activity 
in the liver samples in our study showed relatively small 
variations and did not exceed a level of 5 nmol/h/mg 
protein. In contrast, protein and mRNA expression 
levels showed more variation. In liver metastases, both 
activity and mRNA varied considerably and correlated 
with one another. This would give an advantage for 
liver metastases compared with liver in selectively acti- 
vating deoxynucleoside analogues in liver metastases. A 
high dose of gemcitabine is expected to lead to selective 
activation in metastases, and when given via a hepatic 
artery infusion would not leak to the systemic circula- 
tion as livers have a high deaminase activity. The much 
smaller range of dCK activity in the liver samples com- 
pared with the liver metastases also indicated that in the 
liver a posttranslational regulation mechanism exists, 
which seems to be deregulated in the liver metastases. It 
has been reported that dCK activity can be regulated by 
its phosphorylation [32.33]. dCK purified from leu- 
kacmic blasts can be phosphorylated by Protein Kinase 
C (PKC), resulting in a 100% increase in enzyme activ- 
ity [32]. However, recombinant dCK is a poor substrate 
for PKC, but is effectively phosphorylated by protein 
kinase A, and this is not accompanied by an increase in 
enzyme activity [33]. An enhanced dCK activity could 
be eliminated by protein phosphatase treatment of lym- 
phoid cells, supporting a secondary modification of the 
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dCK protein [34]. In addition, the promoter for dCK 
contains several potential regulatory transcription fac- 
tor sites [35,36], although it is not yet clear whether this 
regulation is tissue-specific or deregulated in tumours. 

For the enzyme activity assays and western blotting, 
relatively large pieces of tissue or many cells are 
required, and these are not always available. The cur- 
rent PCR assay detects a wide range of dCK mRNA 
levels. CT-RT-PCR can be performed with any PCR 
equipment, and does not need the requirement of an 
expensive Taq man or light cycler apparatus. In addi- 
tion, results from this type of assay shows a high inter- 
and intralaboratory agreement [37]. Measurement of 
dCK mRNA expression offers the possibility for larger- 
scale studies, in patients with solid tumours and leu- 
kaemia, to determine a relationship between dCK 
expression and response to either gemcitabine or Ara-C. 
This data should be followed by a prospective study to 
select patients for deoxynucleoside analogue treatment 
based on their dCK activity. 
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Obesity is currently considered as an epidemic in the 
western world, and it represents a major risk factor for 
life-threatening diseases such as heart attack, stroke, 
diabetes, and cancer. Taking advantage of DNA microar- 
ray technology, we tried to identify the molecules ex- 
plaining the relationship between obesity and vascular 
disorders, comparing mRNA expression of about 12,000 
genes in white adipose tissue between normal, high fat 
diet-induced obesity (DIO) and D-Trp 34 neuropeptide Y- 
induced obesity in mice. Expression of monocyte che- 
moattractant protein-1 (MCP-1) mRNA displayed a 7.2- 
fold increase in obese mice as compared with normal 
mice, leading to substantially elevated MCP-1 protein 
levels in adipocytes. MCP-1 levels in plasma were also 
increased in DIO mice, and a strong correlation between 
plasma MCP-1 levels and body weight was identified. We 
also showed that elevated MCP-1 protein levels in 
plasma increased the CDllb-positive monocyte/macro- 
phage population in DIO mice. Furthermore, infusion of 
MCP-1 into lean mice increased the CDllb-positive 
monocyte population without inducing changes in body 
weight. Given the importance of MCP-1 in activation of 
monocytes and subsequent atherosclerotic develop- 
ment, these results suggest a novel role of adiposity in 
the development of vascular disorders. 



Obesity is now considered epidemic throughout the western 
world and represents a major risk factor for a variety of life- 
threatening diseases, such as heart attack, stroke, diabetes, 
and cancer (1-4). According to current estimates, about 30% of 
adults in the United States are classified as obese, roughly 
double the number from 20 years ago. Obesity increases the 
risk of developing type 2 diabetes 10-fold, cardiovascular dis- 
eases 2-fold, and colon cancer 1.6-fold. Although recent pro- 
gress in understanding the molecular basis of obesity may well 
open new opportunities to combat this epidemic, the molecular 
mechanisms underlying the relationship between obesity and 
obesity-related comorbidities remain unclear and are currently 
the focus of intense investigation. 

Hypercholesterolemia has been considered to represent the 
critical factor in the development of atherosclerosis. However, a 
growing body of evidence suggests the importance of inflam- 
matory processes in the pathogenesis of vascular diseases. In- 
flammatory processes are orchestrated by the recruitment of 
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mononuclear leukocytes and the migration, growth, and acti- 
vation of cells within atherosclerotic lesions (5, 6). Attraction of 
circulating leukocytes to target sites is controlled by various 
chemokines, the presence of which is well documented in ath- 
erosclerotic lesions (7, 8). After attachment to the vessel wall, 
monocytes migrate into the subendothelial space, differentiat- 
ing into macrophages and lipid-laden foam cells (5). These 
steps are likewise controlled by chemotactic cytokines; in par- 
ticular, expression of monocyte chemoattractant protein-1 
(MCP-1) 1 is enhanced in macrophages, endothelial cells, and 
vascular smooth muscles cells in the atheromatous plaque (9). 
MCP-1 is the member of the C-C chemokine j3 subfamily and is 
predominantly expressed in endothelial cells (10, 11). In hyper- 
cholesterolemic mice, genetic disruption of MCP-1 or its recep- 
tor, CCR2, results in markedly decreased occurrence of ather- 
oma and the presence of fewer monocytes in vascular lesions 
(12-14). In apolipoprotein E-deficient mice, local infusion of 
MCP-1 induces CDllb expression on peripheral monocytes and 
increased formation of collateral arteries (15). MCP-1 is thus 
considered as a chemokine regulating inflammation in athero- 
sclerotic lesions, and manipulation of the MCP-1/CCR2 inter- 
action may modify the pathogenetic course of such lesions. 

Adipose tissue is reportedly second only to lymphatic tissue 
in the secretion of signaling molecules (16). The biological sig- 
nificance of these molecules is largely unknown, but the inflam- 
mation compartment of vascular injury or regulation of insulin 
resistance may be affected. Proteins that are reportedly se- 
creted and functional in atherosclerosis include IL-6 (17), tu- 
mor necrosis factor-a (18), resistin (19), adiponectin (20), PAI-1 
(21), and leptin (22, 23). 

The present study identified the molecular factors explaining 
the relationship between obesity and atherosclerosis, with a 
focus on adipose tissue. The mRNA expression of epididymal 
white adipose tissue (EWAT) was compared among obese mice, 
revealing that expression of MCP-1 mRNA is increased in 
obese mice, leading to elevated levels of plasma MCP-1 protein. 
Furthermore, the higher levels of MCP-1 protein in plasma 
were found to increase the CDllb-positive monoycte/macro- 
phage population among peripheral blood cells, suggesting a 
role for elevated MCP-1 in the vascular inflammatory process 
during atherosclerosis. 

. MATERIALS AND METHODS 

Animals — C57BL/6N mice (6 weeks old, CLEA Japan, Tokyo, Japan) 
were housed in individual cages. Mice were maintained under condi- 
tions of controlled temperature (23 ± 2 °C) and light (07:00-19:00). 



1 The abbreviations used are: MCP-1, monocyte chemoattractant pro- 
tein-1; DIO, diet-induced obesity; WAT, white adipose tissue; EWAT, 
epididymal WAT; PBS, phosphate-buffered saline; NPY, neuropeptide 
Y; ELISA, enzyme-linked immunosorbent assay; CCR, C-C chemokine 
receptor. 
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Water and food (CA-1, CLEA Japan) were available ad libitum unless 
otherwise noted. For microarray analysis, 18-week-old mice were 
changed to an MHF diet (Oriental Bioservice, Kyoto, Japan) for 6 
months to establish diet-induced obesity (DIO). The MHF diet provides 
52.4% energy as carbohydrate, 15% as protein, and 32.6% as fat (4.41 
kcal/g). For measurements of MCP-1 levels in plasma, normal diet was 
changed to the MHF diet when the mice were 9 weeks old. In food 
restriction experiments, body-weight changes in DIO mice were moni- 
tored after caloric intake was limited for 21 h and after food intake was 
restricted to a short, 3-h period for 7 days. All animal procedures 
complied with National Institutes of Health guidelines and were ap- 
proved by the Banyu Animal Care and Usage Committee. 

Surgical Procedure — D-Trp 34 neuropeptide Y (D-Trp 34 NPY, a Y5 ag- 
onist) was synthesized at Banyu Tsukuba Research Institute. Mice 
were anesthetized using sodium pentobarbital (80 mg/kg, intraperito- 
neal, Dainabot, Tokyo, Japan), and a sterile brain infusion cannula (28 
gauge, Alzet, Palo Alto, CA) was stereotaxically implanted into the right 
lateral ventricle. The stereotaxic coordinates used were 0.4 mm poste- 
rior to the bregma, 0.8 mm lateral to the midline, and 2.0 mm from the 
surface of the skull, using a flat skull position. Cannulae were fixed to 
the skull using dental cement. The infusion cannula was connected to 
an osmotic minipump (model no. 2002, Alzet) filled with 10 mu phos- 
phate-buffered saline (PBS) containing 0.05% bovine serum albumin 
via polyvinylchloride tubing. Pumps were implanted subdermally on 
the backs of mice, and antibiotic (Cefamedine A, 50 mg/kg, Fujisawa, 
Tokyo, Japan) was injected subcutaneously: Mice were divided into 
three groups, matched for average body weight: vehicle (PBS)-infused; 
D-Trp^NPY-infused and fed ad libitum (ad Ubitum-teA group); and 
D-Trp^NPY infused and pair-fed (pair-fed group). After 7-14 days of 
recovery following surgery, pumps were replaced with D-Trp 3 ' 1 NFY- (5 
Hg/day) or vehicle-containing pumps. The D-Trp^NPY-pair-fed group 
was provided with the same amount of food as the vehicle group. Pair 
feeding was performed as described previously (24). 

Microarray Analysis — In respective model mice, total RNA was ex- 
tracted from EWAT using Trizol reagents (Invitrogen) and repurified 
with an RNeasy purification kit (Qiagen, Hilden, Germany). To deter- 
mine expression changes between models, 10 tig of RNA was utilized for 
microarray analysis (MG-U74U74A chip, Affymetrix, Santa Clara, CA) 
of -12,000 genes. For analysis of microarray data, GeneChip software 
(Affymetrix) was utilized. Appropriate control mice were used to pro- 
vide baseline values for the experimental groups, and genes displaying 
values of p < 0.05 were identified using the Mann- Whitney test. 

Measurement of MCP-1 Expression by Quantitative PCR — Total RNA 
was extracted from EWAT as described in the previous section. Reverse 
transcription was performed for 500 ng of total RNA, and obtained 
cDNA was applied to TaqMan PCR for quantification of MCP-1 mRNA 
expression. Data were collected and analyzed using an ABI PRISM 
7700 sequence detector system (Applied Biosystems, Warrington, UK). 
MCP-1 expression data were normalized to (3-actin expression levels in 
each sample. Primers and TaqMan probes used were as follows: Taq- 
Man probe for MCP-1, 5'-CCA CTC ACC TGC TGC TAC TCA TTC ACC 
A-3'; PCR forward primer for MCP-1, 5'-TCA GCC AGA TGC AGT TAA 
CGC-3'; PCR reverse primer for MCP-1, 5'-TGA TCC TCT TGT AGC 
TCT CCA GC-3'; TaqMan probe for /3-actin, 5'-CCT GAG GCT CTT TTC 
CAG CCT TCC TTC T-3'; PCR forward primer for /3-actin, 5 -TAT TGG 
CAA CGA GCG GTT C-3'; PCR reverse primer for /3-actin, 5'-ATG CCA 
CAG GAT TCC ATA CCC-3'. 

Laser Microdissection — Ovarian white adipose tissues were excised, 
embedded in OCT compound (Sakura Finetek USA Torrance, CA), 
frozen in cold hexan, and stored at -80 °C. Frozen sections were cut at 
10-/tm thickness and mounted on foil-covered microscope slides (Leica, 
Wetzlar, Germany). Sections were subsequently fixed in ethanol/acetic 
acid (19:1) for 1 min, stained using 0.05% toluidine blue solution 
(WAKO, Osaka, Japan) for 50 s, and air-dried for 30 min. Laser micro- 
dissection was performed using an AS LMD laser microdissection sys- 
tem (Leica) to collect either adipocytes or non-adipocyte cells. Total 
RNA was extracted from each fraction, and TaqMan PCR was per- 
formed as described above. 

Measurement of MCP-1 — Concentrations of MCP-1 in plasma and 
EWAT were determined using an ELISA kit (R&D Systems, Minneap- 
olis, MN). EWAT was removed and homogenized in 2 volumes of ice-cold 
PBS with protease inhibitor mixture tablets (Roche Diagnostics). The 
homogenate was centrifuged at 2000 X g for 10 min at 4 "C. The 
supernatant was then used for MCP-1 ELISA 

Analysis ofCDllb Expression Using Flow Cytometry— MCP-1 (R&D 
• Systems) was infused subcutaneously for 2 weeks using an osmotic 
pump (Alzet) at a dose of 10 ng/0.5 /il/h. Flow cytometric analysis was 
performed to determine the monocyte/macrophage population among 



whole blood cells. Whole blood samples from control, DIO, and MCP-1- 
treated mice were collected from the tail vein using heparinized capil- 
laries. Blood cells were centrifuged at 300 x g for 5 min and incubated 
using fluorescein isothiocyanate-labeled anti-mouse CDllb (BD Bio- 
sciences) at room temperature for 15 min. To control non-specific bind- 
ing, samples were incubated using rat IgG2b isotype. After washing 
stained cells with PBS, red blood cells were lysed using a lysing buffer 
for 5 min at room temperature. Cells were then washed with PBS and 
suspended in PBS containing 0.5% formaldehyde. Flow cytometry was 
performed using an EPICS Elite flow cytometer (Beckman Coulter) to 
identify the monocyte population, which was determined using fluores- 
cence and scatter light characteristics. In all samples, 40,000 white 
blood cells were counted and analyzed. 

Evaluation of Data and Statistical Analysis — All data were ex- 
pressed as mean ± S.E. Statistics were performed using a two-tailed 
unpaired Student's t test (StatView, SAS Institute, Cary, NC). 

RESULTS 

Gene Expression Profiles of Adipocyte in Obesity Models — 
Two models of mice obesity were employed to examine expres- 
sion changes in EWAT. These comprised the high fat DIO 
model and the n-Trp 34 NPY-induced obesity model (ad libitum- 
and pair-fed groups). In the DIO model, mice were fed high fat 
chow (32.6% energy as fat, 52.4% as carbohydrate, and 15.0% 
as protein) for 6 months. Body weights of DIO mice had stabi- 
lized by 6 months, at 44.7 ± 2.6 g (mice fed regular chow, 
31.1 ± 1.1 g). The other model utilized D-Trp 34 NPY-induced 
obesity. D-Trp 34 NPY is known to represent an appetite stimu- 
lant acting on the NPY Y5 receptor. Administration of this 
neuropeptide is known to increase food intake and body weight, 
with changes in body weight accompanied by increased fat 
weight (24). Treatment with D-Trp 34 NPY not only increases 
food intake but also decreases energy expenditure (24), so that 
D-Trp 34 NPY-treated mice pair-fed with a PBS-treated control 
group also displayed increased adiposity. 

EWAT was excised, and total RNA was extracted, labeled, 
and hybridized to a DNA microarray. GeneChip Murine U74A 
arrays (Affymetrix) were used for DNA microarrays, and data 
were analyzed using GeneChip software comparison (Table I). 
Expressions of seven genes were increased in both DIO and 
D-Trp^NPY-treated mice (ad libitum- and pair-fed group) com- 
parisons, whereas expressions of nine genes were decreased. 
Some affected genes are known to display associations with 
increased adiposity, including: leptin; fatty acid-binding pro- 
tein 5; and low density lipoprotein receptor-related protein 2. 
In addition, significant changes were observed in genes dis- 
playing roles in immune processes, such as: compliment com- 
ponent lq; compliment component 2; and MCP-1. Both leptin 
and MCP-1 comprise secreted proteins with trans-acting signal 
transduction capabilities. 

MCP-1 mRNA and Plasma Protein Levels — Changes in the 
expression of MCP-1 in EWAT were confirmed using quantita- 
tive TaqMan PCR methods in all obese mouse models. Results 
from DNA microarrays and quantitative TaqMan PCR coordi- 
nated well (Fig. LA). White adipose tissues comprise various 
cell types, including adipocytes, vascular endothelial cells, 
smooth muscle cells, fibroblasts, mast cells, and macrophages 
(25). With the exception . of mast cells, all other cell types 
reportedly display MCP-1 expression, so laser microdissection 
was used to confirm adipocyte-selective MCP-1 induction in 
high fat DIO mice. Each histological section of adipose tissues 
was stained, adipocytes and non-adipocyte cells were collected 
separately using laser microdissection, and TaqMan PCR was 
performed. Induction of adipocyte-selective MCP-1 mRNA (5.3- 
fold induction as compared with control lean mice) was ob- 
served in obese mice (Fig. LB). 

Next, we assessed whether increased levels of MCP-1 mRNA 
translated to increased levels of MCP-1 protein in EWAT. Ad- 
ipose tissue from DIO mice was excised, homogenized, and 
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Table I 

Common signature genes with EWAT in DIO and D-Trp^NPY-treated mice 
This table lists whose expression levels were either increased in both obese models or decreased in both obese models:DIO and D-Trp 34 
NPY-treated mice (free-fed (FF) and pair-fed (PF)). Fold change values represent ratios of mean expression levels for the two obese mice models 
compared with mean for each controls. For down-regulated genes fold changes represent inverse ratios and are denoted with minus signs. 



Probe ID Accession Symbol Name ■ 

DIO D-Trp 34 NPY-FF D-Trp 34 NPY-PF 



Up 



100436 at 


M27008 


Orml 


Orosomucoid 1 


1.6 


3.9 


2.4 


102736_at 


M 19681 


MCP-1 


Monocyte chemoattractant protein-1 


7.2 


6.3 


4.9 


99623_s_at 


D78265 


Olfm 1 


Olfactomedin 1 


1.7 


3.4 


2.0 


160544_at 


AJ223066 


Fabp5 


Fatty acid-binding protein 5, epidermal 


2.8 


9.0 


3.7 


101753_s_at 


X51547 


Lzp-s 


P lysozyme structural 


2.2 


2.4 


2.0 


96020 at 


M22531 


Clqb 


Complement component 1, q subcomponent, ^-polypeptide 


2.8 


1.8 


1.7 


98443_at 


AI882416 


Lep 


Leptin 


2.3 


3.1 


1.8 


Down 














94223 at 


AJ010045 


Netl 


Neuroepithelial cell transforming gene 1 


-3.9 


-4.6 


-2.6 


102207_at 


AW123249 


MGC12117 


Hypothetical protein MGC12117 


-2.3 


-5.0 


-1.6 


103673 at 


M57891 


C2 


Complement component 2 (within H-2S) 


-3.1 


-5.9 


-2.4 


96146_at 


D83745 


Btg3 


B-cell translocation gene 3 


-1.8 


-2.4 


-2.5 


160085 at 


U35741 


Tst 


Thiosulfate sulfurtransferase, mitochondrial 


-3.7 


-2.0 


-1.9 


103377_at 


AW259788 


Lrp2 


Low density lipoprotein receptor-related protein 2 


-2.9 


-2.9 


-1.8 


100629 at 


U24428 


Gstm5 


Glutathione S-transferase, 5 


-3.3 


-2.1 


-1.5 


101676_at 


U13705 


Gpx3 


Glutathione peroxidase 3 


-2.5 


-2.9 


-1.8 


100068_at 


M74570 


Aldhlal 


Aldehyde dehydrogenase family 1, subfamily Al 


-2.0 


-2.2 


-1.6 



centrifuged, yielding supernatants used for ELISA measure- 
ment of MCP-1 protein (Fig. 1C). An ~5-fold increase in tissue 
levels of MCP-1 protein was observed in DIO mice as compared 
with regular diet-fed control C57/BL6 mice, in good agreement 
with the observed mRNA changes. Calculated to a per WAT 
base, the change was more significant, at 17.6-fold (DIO, 655.4 
pg of MCP-1/WAT versus control, 37.20 pg of MCP-1/WAT). 

If increases in MCP-1 message/protein levels in WAT could 
affect functions in distant organs, plasma MCP-1 protein levels 
should be altered according to protein levels in WAT. Evalua- 
tion of plasma MCP-1 levels using ELISA confirmed this hy- 
pothesis (Fig. ID). In DIO mice, plasma levels of MCP-1 were 
significantly increased as compared with regular diet-fed con- 
trol mice. 

Plasma MCP-1 Levels and Body Weight — Since increased 
plasma MCP-1 levels were observed in DIO mice, we evaluated 
whether plasma MCP-1 levels correlated with body weight in 
DIO mice. Forty mice were fed high fat diet for various periods 
(1-18 weeks), and blood was collected from these mice for 
MCP-1 ELISA. When plasma MCP-1 levels were plotted 
against body weight in these mice (Fig. 2A), correlations be- 
tween plasma MCP-1 levels and body weight were highly sig- 
nificant (r = 0.834). These results indicated that EWAT-de- 
rived MCP-1 changes circulating levels according to body 
weight, probably as a result of increased adiposity. 

To confirm a causal relationship between adiposity and 
plasma MCP-1 levels, the time course of DIO treatments as 
compared with plasma MCP-1 levels was also investigated. 
Mice were fed a high fat diet from the time they were 9 weeks 
old, and blood was collected at 2, 4, 10, and 20 weeks after 
initiation of treatment (Fig. 2S). As expected, plasma MCP-1 
levels increased according to increased body weight, and in- 
creases were even observed in aged regular diet-fed mice, al- 
though these changes were relatively small as compared with 
mice fed the high fat diet. Since adiposity is known to increase 
with age in rodents, it is encouraging to see that MCP-1 in- 
creases in mice at the time they are 20 weeks old. 

The effect of fasting on plasma MCP-1 levels was also eval- 
uated. Dietary restriction represents a simple model for de- 
creased fat storage in rodents, and we utilized DIO mice fed 
with 80% of the calories needed to maintain their body weight. 
Within 7 days, a 25% reduction in body weight was observed, in 
addition to decreased plasma MCP-1 levels (Fig. 2C). These 



results confirmed a strong causal relationship between adipos- 
ity and plasma MCP-1 levels. 

Plasma MCP-1 Levels and CD1 lb-positive Monocyte — 
MCP-1 is part of the C-C chemokine 0 subfamily, members of 
which bind to several CCR receptors to transmit signals. The 
interaction of MCP-1 with CCR2 has been well characterized 
(26), and genetic manipulation of the interaction is known to 
affect the pathological course of atherosclerosis. In this process, 
MCP-1 displays particular involvement in the activation and 
recruitment of monocytes to the atherosclerotic lesion. Changes 
to MCP-1 levels in the plasma of obese subjects may therefore 
produce functional consequences in the development of in- 
creased neointimal formations, and we decided to further char- 
acterize the significance of systemic increases in levels of 
MCP-1. Flow cytometric analysis was performed on mice in 
which plasma MCP-1 levels were raised by high fat diet treat- 
ment for 17-19 weeks (95.7 ± 7.1 pg/ml for DIO, 40.5 ± 2.4 
pg/ml for regular diet). The results indicated that the CD lib 
(Mac 1, a member of the integrin family )-positive fraction of 
monocytes was increased significantly among DIO mice as 
compared with regular diet-fed control mice (607.4 ± 38.8/ 
40,000 white blood cells for DIO, versus 416.4 ± 58.6/40,000 
white blood cells for regular diet, Fig. 3, A-C). This result 
suggests that effects such as elevation of plasma MCP-1 levels 
induced by a high fat diet could cause these changes in cell 
populations. 

Since high fat diet treatments could have altered parameters 
other than MCP-1 plasma concentrations, which could in turn 
lead to the changes in the CDllb-positive monocyte population, 
we decided to test the direct effects of MCP-1 administration on 
CDllb-positive monocyte population. Recombinant murine 
MCP-1 was infused subcutaneously into C57/BL6 mice under 
regular diet conditions. Flow cytometric analysis was then 
performed after 2 weeks of treatment (Fig. 3, D-F). Under 
these experimental conditions, plasma MCP-1 levels increased 
about 2-fold as compared with saline-infused controls (209.3 ± 
23.4 pg/ml for MCP-1 versus 93.5 ± 10.7 pg/ml for saline), 
comparable with the levels achieved with the high fat diet. 
Circulating CDllb-positive monocytes increased 1.7-fold, in 
good agreement with our study of mice on a high fat diet. Taken 
together, these results strongly suggest that changes in the 
CDllb-positive monocyte population in DIO mice are corre- 
lated with increases in plasma MCP-1 levels. 
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Fig. 1. MCP-1 mRNA expression and plasma MCP-1 protein level. A, MCP-1 mKNA expression in EWAT in two obese model mice. 
Expression of MCP-1 was determined in EWAT from-male control and DIO mice (n = 3; **,p < 0.01) or PBS-infused, D-Trp^NPY-treated free-fed 
(FF), n-Trp^NPY-treated pair-fed (PF) mice (n = 3; *, p < 0.05; **, p < 0.01) using real-time TaqMan reverse transcriptase-PCR. Data were 
normalized to expression of 0-actin. Control and PBS-treated mice are indicated by white bars, DIO, D-Trp^NPY-treated FF mice are indicated by 
black bars, and D-Trp^NPY-treated PF mice are indicated by gray bars. B, MCP-1 mRNA expression in adipocytes and non-adipocyte cells. 
Expression of MCP-1 was determined in ovarian white adipose tissue from 42-week-old DIO mice (n = 3; *, p < 0.05) and control mice using 
real-time TaqMan reverse transcriptase-PCR. Data were normalized to expression of 0-actin. Control mice are indicated by white bars, and DIO 
mice are indicated by black bars. C, MCP-1 protein level in EWAT. MCP-1 was determined using ELISA in age-matched male controls and DIO 
mice after 10 weeks (n = 3; **,p < 0.01). Data were normalized to grams of EWAT. D, MCP-1 protein level in plasma. Blood was withdrawn from 
tail veins of age-matched male controls and DIO mice after 15 weeks (n = 6; **, p < 0.01). Plasma MCP-1 levels were determined using ELISA. 
Control mice are indicated by white bars, and DIO mice are indicated by black bars. Error bars represent S.E. 



DISCUSSION 

Obesity is well known as a risk factor for developments of 
atherosclerosis (1-3). Recent progress in our understanding of 
the complex pathogenesis underlying obesity has led to the 
term "syndrome X," also known as metabolic cardiovascular 
syndrome or insulin resistance syndrome (27). However, the 
molecular pathophysiology of syndrome X has not been eluci- 
dated in any great detail, and the genes underpinning each 
phenotype are under active investigation. 

The present study attempted to identify one such gene by 
focusing on secreted proteins generated from adipocytes since 
increased adiposity represents both the most notable change in 
obesity and a known risk factor for vascular disease. In addi- 
tion, our interest in secreted proteins stems from the fact that 
such proteins have a strong potential for acting on distant 
tissues. DNA microarray techniques are well suited for mass 
analysis of gene expression, and using such expression profiling, we 
were able to identify two secreted proteins from the two murine 
models of obesity examined, namely DIO and D-Trp^NPY-treated 
mice. All changes observed in D-Trp^NPY-treated pair-fed models 
were included in the changes noted in D-Trp^NPY-treated ad libi- 



tum-fed models (data not shown). n-Trp 34 NPY-treated pair-fed 
models were used to focus on genes whose expression changed with 
increased adiposity. Surprisingly, MCP-1 protein changed expres- 
sion levels in obese adipocytes, as did only one other protein, leptin. 
Our observation is in good agreement with a recent report that 
MCP-1 mRNA is elevated in the adipose tissue of 06/06 obese mice 
(28). Observations were further extended to protein levels in EWAT 
and circulating plasma. Analysis of the correlation between body 
weight and plasma MCP-1 levels revealed a very strong associ- 
ation, reaching similar levels to that displayed by the correlation 
between body weight and plasma leptin levels (29). Moreover, 
plasma MCP-1 levels increased when body weight increased, and 
decreased when body weight decreased through fasting. These 
observations strongly suggest that changes in adipose weight 
associated with obesity/fasting are the direct cause of alterations 
in plasma levels of MCP-1. 

In an effort to confirm the functional consequences of 
changes to plasma MCP-1 levels in obese mice, we measured 
CD lib-positive monocytes in circulating blood using flow cyto- 
metric analysis. MCP-1 reportedly induces CDllb expression 
on monocytes and adhesion of monocytes to blood vessels (15, 
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Fig. 2. Change of plasma MCP-1 level in obese model mice. A, Plasma MCP-1 levels and body weights in DIO mice. Male DIO mice (n = 
40) at various periods (1-18 weeks) were used. B, time course for body weight and plasma MCP-1 levels in male control and DIO mice. Mice fed 
a normal diet until 9 weeks old were then fed MHF diet. Control mice are indicated by filled squares (body weight) and open squares (MCP-1), and 
DIO mice are indicated by filled triangles (body weight) and open triangles (MCP-1). C, change in body-weight and plasma MCP-1 levels in 
food-restricted male DIO mice (n = 5). Body weight was measured after 21 h of food restriction in DIO mice after 19 weeks. Plasma MCP-1 levels 
were determined on the indicated time points. Changes in body weight are indicated by filled triangles, and changes in MCP-1 are indicated by 
open triangles. 



30). CDllb antigens are expressed when premature monocytes 
are activated to become differentiated monocytes and represent 
the best molecular marker of the macrophage lineage (31). In 
our analysis, circulating CD1 lb-positive monocytes increased 
in obese DIO mice as compared with regular diet-fed control 
mice, indicating that increased MCP-1 in obese mice affects the 
CD lib-positive monocyte population in obese mice. In fact, a 
suggestive report has been published regarding a study in 
humans in which the number of monocytes increased by about 
10% in obese subjects (body mass index >30) and overweight 
subjects (body mass index 25-30) (32). Although that study did 
not evaluate CD1 lb-positive monocytes, this change could rep- 
resent the result of increased CD1 lb-positive monocytes. An 
increase in CD lib-positive monocyte was also observed follow- 
ing direct administration of MCP-1 in regular diet-fed mice. 
Since MCP-1 was directly infused into mice to the same phys- 
iological levels observed in DIO mice, the possibility that in- 
creased CD lib-positive monocytes were caused by unknown 
obesity-related factors other than MCP-1 can be excluded. We 
therefore concluded that systemic increases in MCP-1 lead to 
changes in the CD lib-positive monocyte population in circu- 
lating blood. However, our study did not address the sites of 
monocyte activation. Current models of monocyte activation 
posit the attachment and rolling of monocyte to the MCP-1 



secreted surface. Whether any local sites display high concen- 
trations of MCP-1 protein in obese mice and the possibility of 
alternative activation pathways for monocyte to macrophages 
would represent interesting avenues of investigation. A recent 
report on the effect of systemic administration of MCP-1 on 
atherosclerotic development also supports our hypothesis (15). 
That study reported that MCP-1 infusion in mice causes accu- 
mulation of MOMA-2-positive monocytes in collateral arteries 
and increases neointimal formations. The increased macro- 
phages in obese mice described in the present manuscript could 
thus lead to the stimulation of inflammatory processes in ath- 
eromatous plaque, contributing to the development of athero- 
sclerotic lesions. 

From the data presented, we infer that obesity in mice in- 
creases MCP-1 mRNA expressions in EWAT and MCP-1 
plasma protein levels, both of which are well correlated with 
changes in body weight. In addition, these changes lead to 
increases in the population of CD lib-positive monocytes in 
circulating blood. We therefore propose MCP-1 protein as one 
of the molecular factors connecting obesity and atherosclerosis. 
A test of whether differences exist in response to pharmacolog- 
ical manipulation of MCP-1 between obese and normal subjects 
in terms of atherosclerotic developments would be of interest. 



Adiposity Elevates MCP-1 and CD lib-positive Monocytes 



46659 



D 




i 1 1 iiiiii — I I T 1 1 ll l l 1 1 1 11( 111 I I I H il l 

0° 10 1 10 2 103 10 4 
FITC intensity: CD11b 



o 

E 
c 

13 
O 




i iiiiiin riniiiir "rn i nin — i i ii mi 
0° 10 1 10 2 10 3 10 4 

FITC intensity: CD11b 



B 



0} 

.o 
E 

C 

O 




i 1 1 inn i rmfflrn iii i i in i i ii mil 

10° 101 102 103 1 0 4 

FITC intensity: CD11b 



0) 

E 

C 




10° 101 102 103 

FITC intensity: CD11b 



104 



800 



CO 
O 00 

E§ 600 
> o 

CO ^ 

8 0 




control DIO 



<0 

800 

c O 
o m 

E^ 600 

9? 

> o 

5 t- 400 
O 



200 



Q 

O 




saline MCP-1 



Fig. 3. Analysis of CD1 lb-positive monocyte using flow cytometry. Flow cytometric analysis was used to determine CDllb expression on 
circulating monocytes. Peripheral blood cells from each mouse model were stained using anti-CDllb monoclonal antibody conjugated with 
fluorescein isothiocyanate (FITC) and applied to flow cytometric analysis. A-C, CD lib-positive monocytes in control and DIO mice. Representative 
flow cytometric histograms of CDll-positive monocytes from control (A) and DIO mouse (B) are shown. C, mean number of CD lib-positive 
monocytes in control and DIO mice (n = 10-14; **, p < 0.01). Control mice are indicated by the white bar, and DIO mice are indicated by the black 
bar. WBCs, white blood cells. D-F, effects of MCP-1 treatment on CDllb expression on circulating monocytes. MCP-1 or saline was infused into 
normal female C57BL/6 mice (n = 4-5) for 2 weeks using an osmotic pump at a dose of 10 ng/0.5 (il/h. Representative flow cytometric histograms 
of saline-infused (D) or MCP-l-infused mice (E) are shown. F, mean number of CD1 lb-positive monocytes in saline- or MCP-l-infused mice (n = 
4-5; *,p < 0.05). Saline-infused mice are indicated by white bars, and MCP-l-infused mice are indicated by black bars. Monocyte population was 
determined from fluorescence and light scatter characteristics. In all samples, 40,000 white blood cells were counted and analyzed. Error bars 
represent S.E. 
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Augmented Expression of Neuronal Nitric Oxide Synthase in 
the Atria Parasympathetically Decreases Heart Rate During 
Acute Myocardial Infarction in Rats 

Yoshihito Takimoto, MD; Takeshi Aoyama, MD, PhD; Koichi Tanaka, PhD; Reiko Keyamura, MD; 
Yoshiki Yui, MD, PhD; Shigetake Sasayama, MD, PhD 

Background — Nitric oxide (NO) synthesized within sinoatrial cells recently has been shown to participate in the autonomic 
control of heart rate. We hypothesized that NO in the neuronal cells in the heart was increased and parasympathetically 
regulated heart rate after myocardial infarction (MI). 

Methods and Results — We examined heart rate dynamics and neuronal NO synthase (nNOS) expression and activities in 
the atria of rats with MI 1, 3, 7, and 14 days after MI (n=7 to 22 for each group). Both the mRNA levels of nNOS in 
the atria determined by competitive reverse transcriptase-polymerase chain reaction and the protein levels determined 
by Western blotting were significantly increased compared with controls 1, 3, and 7 days after MI. nNOS activity in the 
atria 1 day after infarction was also increased in MI rats. nNOS immunoreactivity was observed in nerve fibers in the 
atria. After infusion of a specific inhibitor of nNOS and iNOS, 1 -(2-trifluoromethylphenyl) imidazole (TRIM) (50 
mg/kg IV), heart rate was significantly (P<0.01) increased in MI rats compared with controls 1, 3, and 7 days after MI. 
The iNOS-specific inhibitor, 1400W (10 mg/kg SC), did not significantly affect the heart rate in rats with MI. The effect 
of TRIM was abolished by pretreatment with L-arginine (25 mg/kg IV) or by parasympathetic blockade with atropine 
but not by propranolol. There was a strong correlation (r=0.837, /><0.0001) between the nNOS protein expression and 
heart rate change after TRIM infusion. 

Conclusions — These results indicate that increased nNOS parasympathetically decreased heart rate via the production of 
NO in rats with acute MI. {Circulation. 2002;105:490-496.) 

Key Words: nitric oxide synthase ■ heart rate ■ myocardial infarction 



Neuronal nitric oxide synthase (nNOS), first identified in 
the cerebella, has also been detected in the heart. nNOS 
immunoreactivity has been demonstrated in the ganglia and 
nerve fibers in the heart. 1 - 2 Recently, several lines of evidence 
have demonstrated that nitric oxide (NO) synthesized from 
nNOS is one of the modulators of autonomic activities and 
decreases the heart rate in intact mammals. 3-9 However, the 
role of nNOS in the autonomic control of heart rate is 
controversial. Moreover, its role in pathological conditions 
remains to be determined. 

We recently reported that nNOS expression was increased 
in the ventricle during acute myocardial infarction (MI) in 
rats. 10 We hypothesized that nNOS expression in the atria 
might also be increased and parasympathetically play a role 
in heart-rate regulation during acute MI. We examined nNOS 
expression and heart-rate dynamics using a rat Ml model and 
found that nNOS expression was significantly increased and 
that augmented expression of nNOS parasympathetically 
attenuated the heart rate during acute MI. 



Methods 

Rat Myocardial Infarction Model 

We performed animal experiments in accordance with the Declara- 
tion of Helsinki, and these were approved by our institutional ethics 
committee for animal experiments. MI was surgically induced in 
8-week-old male Sprague-Dawley (IGS) rats (Charles River Japan 
Inc, Yokohama, Japan) weighing 280 to 320 g by ligation of the left 
anterior descending coronary artery, as described previously." 
Transthoracic echocardiography (Hewlett-Packard) was performed 
at each time point with a 7.5-MHz sector scan probe. 12 At 1, 3, 7, and 
14 days after the procedure, rats were sacrificed. Three thin trans- 
verse slices were cut from the apex to the base, and the infarct size 
was determined as described previously." 13 

Quantitative Competitive Reverse 
Transcriptase-Polymerase Chain Reaction 

Total cellular RNA was extracted from the atria using the acid 
guanidinium thiocyanate-phenol-chloroform method and was 
reverse-transcribed into cDNA according to the method described 
previously." The cDNA samples were subjected to. polymerase 
chain reaction (PCR) amplification using primers complimentary to 
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TABLE 1. Systolic Blood Pressure, Heart Rate, Body Weight, Heart Weight, Left 
Ventricular Dimension, and Fractional Shortening of Rats With Myocardial 

Infarction and of Sham-Operated Controls 

Time After 

Infarction, days 0 1 3 7 14 
Systolic BP, mm Hg 

Ml 129±1 111 ±2* 109±1* 115+1* 124±1* 

Sham 127±2 ' 124±2 119±2 135±2 135±1 
HR, beats/min 

Ml 371 ±2 479±3* 419±5* 397+4* 379±2 

Sham 366±5 402±8 375±2 377±6 380±2 
BW, g 

Ml 312±6 285±7 270+7 287±10 316±10 

Sham 309+18 270+ 3 278+ 7 284+13 317 +8 
HW, mg 

Ml ... 898 +28 920+16t 854i26 936±29 

Sham ... 818±25 831 ±39 846±48 957±27 
HW/BW, mg/g 

Ml ... 3.15±0.12 3.41 ±0.11t 2.98±0.05 2.96±0.04 

Sham ... 3.03±0.04 2.99 ±0.06 2.98±0.08 3.02±0.04 
LVDd, mm 

Ml 6.1+0.1 6.9±0.1* 7.3±0.1* 7.7±0.1* 8.3+0.1* 

Sham 6.0+0.1 6.0+0.1 6.0±0.1 6.1 ±0.1 6.4±0.1 
LVDs, mm 

Ml 3.3±0.1 5.3±0.1* 5.8+0.1* 6.2±0.1* 6.4±0.1* 

Sham 3.4±0.1 3.4+0.1 3.5±0.1 3.6±0.1 3.7±0.1 
FS, % 

Ml 45.7+0.6 22.1+0.5* 21.3±0.6* 20.1 ±0.4* 19.9±0.7* 

Sham 44.6±0.4 42.6+0.9 41.4+1.0 41.1 ±0.8 42.2±0.5 
Ml size, % 

Ml ... 52.2 +3.1 50.1 ±4.8 48.3±2.1 47.3±1.0 
No. of rats 

Ml 22 22 15 13 11 

Sham 12 12 11 8 7 
Values are mean±SEM. 

BP indicates blood pressure; HR, heart rate; BW, body weight; HW, heart weight; LVDd, left 

ventricular diastolic dimension; LVDs, left ventricular systolic dimension; and FS, fractional 
shortening. 

*P<0.01 ; tP<0.05 for the infarct group compared with the respective noninfarcted control group 
at each time point. 



positions 2416 to 3033 of the rat nNOS cDNA sequence (sense, 
5--GTC TTC CAC CAG GAG ATG -3'; antisense, 5'-AAA GGC 
ACA GAA GTG GGG GTA -3').'" The PCR amplification of the 
constitutively expressed GAPDH cDNA was used as a measure of 
the amount of input RNA. DNA fragments that shared the same 
primer template sequence with the target cDNA but contained a 
completely different smaller intervening sequence were prepared and 
used as DNA internal standards (mimics). 15 Aliquots of sample 
cDNA mixed together with 6 serial dilutions of DNA mimics were 
coamplified as templates in the presence of primer pairs. PCR was 
performed as described previously." The PCR reaction products (20 
/iL) were analyzed via electrophoresis through 1.5% agarose gels 
containing 0.5 ng/mL ethidium bromide, and the results were 
quantified by scanning densitometry using the NIH Image computer 
software. 



Western Blot Analysis 

Lysates (60 jig) from rat atria were separated by 7.5% SDS-PAGE, 
and Western blotting was performed with anti-nNOS antibody 
(NOS1, R-20, Santa Cruz Biotechnology, lnc) according to the 
method described previously." 

Determination of NOS Activity 

Total NOS activity was measured using a NOS Assay Kit (Cayman 
Chemical Co), [ 3 H]-i_-arginine (Amersham Pharmacia), and 
10 mmol/L A'-monomethyl-L-argine (Wako Chemical) according to 
the manufacturer's instructions. NOS activity in the presence of 
ethylene diamine tetra acetic acid (1 mmol/L) (Wako Chemical), an 
nNOS- and inducible NOS (iNOS)-specific inhibitor, l-(2- 
trifluoromethylphenyl) imidazole (TRIM) (100 fimoVL) (Tocris 
Cookson lnc), or iNOS-specific inhibitor 1400W (2 /xmol/L) (Cal- 
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biochem) was also determined. Each NOS isoform activity was 
calculated from these measures. 

Immunohistochemistry 

The rats were reanesthetized and perfused through the left ventricle 
with 100 mL of 4% paraformaldehyde in 0.1 mol/L phosphate buffer 
(pH 7.4). Two blocks of the atrium known to contain ganglionic cell 
bodies were removed. One was the region around the sinoatrial node 
and the other near the pulmonary veins and the atrioventricular node. 
After rinsing with phosphate buffered saline (PBS), they were stored 
in 20% sucrose in PBS for 2 hours. Free-floating sections of 40-^m 
thickness were preincubated with PBS containing 10% normal 
donkey serum, 0.2% BSA, and 0.3% Triton X-100 for 60 minutes at 
room temperature. The nNOS antibody was applied at a dilution of 
1:500 in PBS containing 0.2% BSA and 0.1% Triton X-100 for 48 
hours at 4°C. After rinsing with PBS, the sections were incubated 
with Cy3-conjugated anti-rabbit IgG produced in donkey (Jackson) 
diluted 1 :500 in PBS for 90 minutes at room temperature. The tissue 
was viewed with an Olympus AX-80 fluorescence microscope using 
a filter with an excitation range of 560 to 596 nm and an emission 
range of 610 to 655 nm. 

Heart-Rate Dynamics and Autonomic Blockade 

The basal heart rate and systolic blood pressure of each animal were 
measured by a tail-cuff method in the fully conscious drug-free state. 
Rats with MI or sham operation received atropine 0.5 mg/kg IP or 1 
mg/kg propranolol IV, and heart rate and blood pressure were 
measured every 2 minutes for 30 minutes 1 and 14 days after 
infarction. We used TRIM or 1400W to determine the effect of 
nNOS or iNOS on the heart rate regulation. After the measurement 
of baseline heart rate and blood pressure, rats received TRIM 50 
mg/kg IV or 1400W 10 mg/kg SC, and heart rate and blood pressure 
were measured every 2 minutes for 1 hour 1, 3, 7, and 14 days after 
the operation. After the administration of L-arginine (25 mg/kg IV) 
or the autonomic blockade with atropine or propranolol, rats also 
received TRIM to determine the effect of nNOS on the autonomic 
heart-rate regulation. 




1 3 7 14 (days) 

Figure 1. A, Representative competitive reverse transcriptase- 
PCR of nNOS. B, Densitometric analyses of the PCR bands 
show that nNOS mRNA expression was increased in the atria in 
rats with Ml 1 , 3, and 7 days after infarction. 

chronic phase (P<0.01 at each time point compared with 
sham-operated rats) (Table 1). 



Statistics 

Values are presented as mean±SEM. The measurements from rats 
with MI were compared with those of sham-operated rats by the 
Student's unpaired / test. The significance of difference among the 
means of various groups was analyzed by one-way ANOVA with 
post-hoc comparisons by the Tukey-Kramer test. Relationships 
between 2 variables were tested by linear regression analysis. 
Significance was taken as / ) <0.05. 

Results 

Heart Weight, Body Weight, and 
Echocardiographic Study 

The heart weight and the heart-weight-to-body-weight ratio 
of the myocardial infarction group 3 days after infarction, by 
which time inflammation and edema had developed within 
the infarct, were significantly increased (F<0.05) compared 
with those of the sham-operated control group. The heart 
weights of MI rats 7 days after infarction were decreased 
because of the shrinkage of infarcted tissue. All animals 
developed large Mis, with an infarct size ranging from 38.9% 
to 62.5% of the left ventricle's circumference. Left ventric- 
ular diastolic and systolic dimensions were rapidly increased 
during the acute phase of MI, and additional changes were 
observed by 2 weeks (P<0.01 at each time point compared 
with sham-operated rats). Fractional shortening was rapidly 
decreased during the acute phase of MI because of akinesis of 
the anterior wall and then gradually decreased during the 



Quantitative Reverse Transcriptase-PCR of 
nNOS mRNA 

The mRNA levels of nNOS were 13.4X10 5 , 13.3X10 5 , and 
5.8X10 5 copies 1, 3, and 7 days after infarction in rats with 



W MB MM iS**V mm 

pc 1 3 7 14 1 3 7 14 (days) 




MS MS MS MS 
1 3 7 14 (days) 

Figure 2. A, Representative Western blotting of nNOS. B, nNOS 
protein expression was significantly increased in the atria during 
acute Ml. PC indicates positive control; M, rats with Ml; and S, 
sham-operated rats. 



Downloaded from circ.ahajoumals.org by on May 11, 2007 



t 



Takimoto et a! Heart-Rate Regulation by nNOS After MI 493 



TABLE 2. NOS Activity in the Atria 



Ml (n=6) Sham (n=6) 



Total, nmol/g per min 


1.43 


±0.04* 


0.56 


±0.10 


nNOS, nmol/g per min 


0.86 


±0.1 3t 


0.14 


±0.09 


eNOS, nmol/g per min 


0.45 


±0.19 


0.38 


±0.07 


iNOS, nmol/g per min 


0.12 


±0.03 


0.04 


±0.02 



Values are mean±SEM. 



*P<0.01; f<0.05 for the infarct group compared with the noninfarcted 
control group. 

MI, respectively, and <1X10 5 in rats 14 days after MI and 
sham-operated rats (Figure 1). There was no difference in the 
expression levels of GAPDH in each group (data not shown). 
Thus, the nNOS mRNA expression level was significantly 
increased during acute MI. 

Western Blotting of nNOS 

Western blotting showed 160-kDa bands in the atria of rats 
with MI and in the sham-operated rats. No other minor bands 
were observed. As a positive control for nNOS, 20 /xg of 
lysates of rat cerebellar tissues were used in each experiment 
(Figure 2A). nNOS protein levels were expressed as the fold 
increase compared with positive controls. The protein levels 
of nNOS were 1.2-, 1.3-, 0.7-, and 0.4-fold compared with 
positive controls in the rats with MI and 0.3-, 0.4-, 0.4-, and 
0.4-fold in the sham-operated rats 1, 3, 7, and 14 days after 
infarction, respectively. Protein expression of nNOS was 
significantly (P<0.01) increased in the rats with MI 1,3, and 
7 days after infarction compared with the sham-operated rats 
(Figure 2B). 

NOS Activity 

Total and nNOS activities were significantly increased in the 
atria of rats with MI 1 day after infarction compared with 



those in sham-operated rats. NOS activity in the presence of 
TRIM but not 1400W was significantly decreased in the atria 
of rats with MI (data not shown). Endothelial NOS (eNOS) and 
iNOS activity did not change in the atria after MI (Table 2). 

Immunohistochemistry of nNOS 

There were nNOS immunoreactive nerve fibers in the region 
around the sinoatrial node and the region near the pulmonary 
veins and the atrioventricular node. The number of nNOS 
immunoreactive nerve fibers was increased compared with 
sham-operated rats (data not shown). Cardiomyocytes were 
not stained with nNOS antibody (Figure 3). 

Effects of TRIM and 1400W on Heart Rate 

Rats with MI had a significantly (P<0.01) higher basal heart 
rate compared with sham-operated rats 1,3, and 7 days after 
the procedure (Table 1). Heart rate changes after the infusion 
of TRIM were 66±12, 59±4, 32±3, and 6±2 bpm in rats 
with MI and 8±4, 6±3, 6±2, and 4±3 bpm in sham-operated 
rats 1, 3, 7, and 14 days after the procedure, respectively 
(Figure 4A). Compared with the effect of TRIM on heart rate 
in sham-operated rats, the infusion of TRIM led to signifi- 
cantly (P<0.01) larger changes in rats with MI 1, 3, and 7 
days after infarction. After the administration of L-arginine, 
the heart rate was changed from 466±10 to 477±21 in rats 
with MI and from 401 ±15 to 404±9 in controls 1 day after 
infarction. The heart rate was not significantly increased in 
infarcted rats (from 477±21 to 490±27) or in sham-operated 
rats (from 404±9 to 401 ±9) after the additional injection of 
TRIM. Thus, the effect of TRIM was abolished by the 
previous administration of L-arginine (Figure 4B). There was 
no significant heart rate change after the administration of 
1400W in rats with MI or sham-operated rats 1 day after the 
procedure (Figure 4B). 
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Figure 3. Immunohistochemistry of nNOS. There were nNOS immunoreactive nerve fibers in the region around the sinoatrial node (A 
and B) and the bundle of nerve fibers in the region near the pulmonary veins and the atrioventricular node (C and D). Cardiomyocytes 
were not stained with nNOS antibody. Bars=50 ixm. 



Downloaded from circ.ahajoumals.org by on May 1 1, 2007 



494 Circulation 



January 29, 2002 



[xO.01 



p<0.01 




MS M S M S MS 
(nn8)(n.8) (n>6)(n>8) (n.6)(n.6) (n»6)(n>8) 



1 4 (day 8) 




M S 

(n.6|(n.6) 

L-Arg+TRIM 1400W 

Figure 4. A, Heart rate change after the administration of TRIM. 
Heart rate was significantly increased after the administration of 
TRIM in rats with Ml (M) compared with that of sham-operated 
rats (S) 1 , 3, and 7 days after the procedure. B, Previous admin- 
istration of L-arginine (L-Arg) abolished the effect of TRIM on 
heart rate 1 day after infarction. 1400W did not affect the heart 
rate in rats with Ml and controls. 



Autonomic Blockade 

Administration of atropine led to a similar increase in heart 
rate; 118±14 and 106±9 bpm in rats with MI and 117±13 
and 101 ±13 bpm in sham-operated rats 1 and 14 days after 
the procedure, respectively (Figure 5A). Propranolol admin- 
istration also led to a similar heart rate change; -95 ±1 1 and 
-67±4 bpm in infarcted rats and -101 ±7 and-77±2 bpm 
in sham rats 1 and 14 days after infarction, respectively 
(Figure 5B). There was no significant difference in the heart 
rate change after autonomic blockade with atropine or pro- 
pranolol between rats with MI and sham-operated rats in 
either the acute or the chronic phase of MI. 

After the parasympathetic blockade with atropine, TRIM 
was infused into rats, and the heart rate was not significantly 
increased either in rats with MI (7±5 bpm) or controls (0±4 
bpm) 1 day after infarction (Figures 5C and 5E). Adminis- 
tration of TRIM with pretreatment of propranolol led to a 
significant (P<0.01) heart rate increase in rats with MI 
(55±3 bpm) compared with sham-operated rats (14±3 bpm) 
1 day after infarction (Figures 5D and 5E). 

Correlation of the Amount of nNOS Protein and 
the Effect of TRIM on Heart Rate 

We plotted the relationships between the nNOS protein level 
and the heart rate change after TRIM infusion for each 
animal. As shown in Figure 6, there was a strong correlation 
(Y=69.263X-14.338, r=0.837, /><0.0001) between these 
two measures. 
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Figure 5. Heart rate change after parasympathetic blockade 
with atropine (A) or sympathetic blockade with propranolol (B). 
There was no significant difference between rats with Ml (M) and 
controls (S). Absolute changes in heart rate (C and D) and heart 
rate change (E) after the administration of atropine (At) or pro- 
pranolol (P) and TRIM (T). After the parasympathetic blockade 
with atropine, TRIM was infused into rats and heart rate was not 
significantly increased in either rats with Ml or controls 1 day 
after infarction. Pre indicates preadministration of the drugs. 



Discussion 

We found that nNOS expression in both mRNA and protein 
levels and its activity were increased in the atria of the rat 
during the acute phase of Ml. This is the first in vivo model 
in which nNOS expression was increased in the atria. We 
analyzed the effect of nNOS on heart rate using this novel 
model of rat MI. The administration of TRIM, but not 
1400W, increased the heart rate, and this effect of TRIM was 




O Ml(lday.n.7) 
• MJ(3day.n.5) 
□ M(7day.n-6) 
■ M(14day.n=8) 
A sham (n=6) 



0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 

nNOS protein level (folds) 

Figure 6. Relationships between the nNOS protein levels and 
the heart rate change after TRIM infusion for each animal. There 
was a strong correlation (Y=67.094x -12.776, r=0.862, 
P<0.0001) between these two measures. 
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abolished by the pretreatment with L-arginine. The heart rate 
was not increased additionally by the treatment of TRIM after 
parasympathetic blockade with atropine. This evidence sug- 
gests that nNOS parasympathetically decreased the heart rate 
via the production of NO in rats with acute MI. 

It has been reported that the muscarinic control of heart rate 
is attenuated by inhibitors of the NO/cGMP pathway. Han et 
al 16 reported that muscarinic regulation of L-type calcium 
current in cardiac myocytes is absent in mice deficient in 
eNOS. In contrast, the chronotropic responses to both 
/3-adrenergic and muscarinic agonist were not altered in 
isolated cardiac tissue preparations in a study using the same 
mice. 17 Thus, the role of eNOS in the muscarinic regulation 
of L-type calcium current is controversial. Tanaka et al 1 
reported that the parasympathetic preganglionic nerve fibers 
originating from the vagus nerve contained nNOS in the 
guinea pig heart. Several lines of evidence suggest that 
endogenous NO synthesized from nNOS in the heart de- 
creases heart rate. 3 - 9 As to the mechanism of heart rate 
reduction by nNOS, there are two possibilities. First, Sears et 
al 4 reported that specific inhibition of nNOS with TRIM 
significantly enhanced the magnitude of the change in heart 
rate with sympathetic nerve stimulation. Choate et al 5 re- 
ported that NO inhibited the positive chronotropic response 
evoked by cardiac sympathetic nerve stimulation via a 
cGMP-dependent pathway in the isolated guinea pig double 
atrial/right stellate ganglion preparation. These studies sug- 
gest that endogenous NO plays an inhibitory role in cardiac 
sympathetic neurotransmission. Second, Conlon et al 6 re- 
ported that vagally evoked frequency-dependent bradycardia 
was significantly attenuated by infusion of TRIM. Sears et al 7 
also demonstrated that the NO precursor significantly en- 
hanced the decrease in heart rate seen with right vagal nerve 
stimulation. These results suggest that NO in the heart 
parasympathetically decreases the heart rate. On the other 
hand, Elvan et al 8 reported that NO played a stimulating role 
in mediating vagal neurotransmission and an inhibitory role 
in mediating sympathetic neurotransmission using open-chest 
dogs. The quantitative differences among these studies may 
result from the effects of endogenous nitric oxide on the vagal 
control of heart rate being critically dependent on the avail- 
ability of nNOS. However, the expression level of nNOS was 
not determined in these studies. In the present study, we 
measured the expression level and activity of nNOS in the 
atria and showed that they were increased in the atria during 
acute MI, whereas they were low in control rats. Adminis- 
tration of TRIM, but not 1400W, increased the heart rate in 
rats with acute MI. After parasympathetic blockade with 
atropine, the heart rate was increased and no additional heart 
rate increase was observed by TRIM. In contrast, after 
/3-adrenergic blockade with propranolol, TRIM increased the 
heart rate to the same degree as TRIM infusion without 
autonomic blockade. Our findings strongly suggest the latter 
possibility that NO synthesized from nNOS facilitates vagal 
chronotropic actions on the heart in vivo and are compatible 
with the findings of the study of Jumrussirikul et al 9 that NO 
within sinoatrial cells participates in the cholinergic control 
of heart rate using mice deficient in nNOS. 



Immunohistochemical analyses showed that nNOS immu- 
noreactivity was observed in the nerve fibers in the region 
around the sinoatrial node and the region near the pulmonary 
veins and the atrioventricular node. Because ganglia in these 
region were not stained with nNOS antibody and the admin- 
istration of atropine blocked the effects of TRIM, nNOS 
immunoreactive nerve fibers seem to be preganglionic fibers 
of the vagal nerve. It has been reported that nNOS existed in 
the nerve fibers and cardiomyocytes in the heart. 118 In the 
present study, we observed nNOS immunoreactivity only in 
the nerve fibers. This evidence suggested that nNOS in the 
parasympathetic nerve plays an important role in heart rate 
regulation after MI. 

NO in the central nervous system is also responsible for the 
autonomic regulation of the cardiovascular system. Despite 
possibly different modes of action of NO in different brain 
regions, the overall sympathoinhibitory role of NO observed 
by several studies in vivo seems to be predominant at least 
under physiological conditions. 19 Although we did not deter- 
mine the nNOS levels in the central nervous system, inhibi- 
tion of nNOS in the brain by TRIM could activate sympa- 
thetic tone, resulting in an increased heart rate. However, in 
the present study we showed that nNOS protein expression in 
the atria has a strong correlation with the heart rate changes 
after the administration of TRIM. Furthermore, atropine 
administration abolished the effects of TRIM on heart rate. 
Thus, TRIM seems to inhibit the activity of nNOS in the atria, 
but not in the brain, and increases the heart rate. 

Acknowledgments 

This study was supported by grants-in-aid for scientific research 
from the Ministry of Education, Science, Sports and Culture, Japan, 
and a grant from the Japan Cardiovascular Research Foundation. We 
express our appreciation to Daniel Mrozek for help with preparation 
of this manuscript. 

References 

1 . Tanaka K, Chiba T. The vagal origin of preganglionic fibers containing 
nitric oxide synthase in the guinea-pig heart. Neurosci Lett. 1998;252: 

135- 138. 

2. Hassall CJS, Saffrey MJ, Hoyle CHV. Nitric oxide synthase immunore- 
activity and NADPH-diaphorase activity in a subpopulation of intrinsic 
neurones of the guinea-pig heart. Neurosci Lett. 1992;143:65-68. 

3. Han X, Shimoni Y, Giles WR. An obligatory role for nitric oxide in 
autonomic control of mammalian heart rate. J Physiol. 1994;476: 
309-314. 

4. Sears CE, Choate JK, Paterson DJ. Effectof nitric oxide synthase inhi- 
bition on the sympatho-vagal control of heart rate. J Auton Nerv Svst. 
1998;73:63-73. 

5. Choate JK, Paterson DJ. Nitric oxide inhibits the positive chronotropic 
and inotropic responses to sympathetic nerve stimulation in the isolated 
guinea-pig atria. J Auton Nerv Syst. 1999;75:100-108. 

6. Conlon K, Kidd C. Neuronal nitric oxide .facilitates vagal chronotropic 
and dromotropic actions on the heart. J Auton Nerv Syst. 1999;75: 

136- 146. 

7. Sears CE, Choate JK, Paterson DJ. NO-cGMP pathway accentuates the 
decrease in heart rate caused by cardiac vagal nerve stimulation. J Appl 
Physiol. 1999;86:510-516. 

8. Elvan A, Rubart M, Zipes D. NO modulates autonomic effects on sinus 
discharge rate and AV nodal conduction in open-chest dogs. Am J 
Physiol. 1997;272:H263-H271. 

9. Jumrussirikul P, Dinerman J. Dawson TM, et al. Interaction between 
neuronal nitric oxide synthase and inhibitory G protein activity in heart 
rate regulation in conscious mice. J Clin Invest. 1998;102:1279-1285. 



Downloaded from circ.ahajoumals.org by on May 1 1, 2007 



496 Circulation January 29, 2002 



10. Takimoto Y, Aoyama T, Inoue R, et al. Differential expression of three 
types of nitric oxide synthetase in both the infarcted and non-infarcted left 
ventricle after myocardial infarction in the rat. Int J Cardiol Vol. 2000; 
76:135-145. 

11. Aoyama T, Takimoto Y, Pennica D, et al. Augmented expression of 
cardiotrophin-l and its receptor component, gpl30, in both left and right 
ventricles after myocardial infarction in the rat. J Moll Cell Cardiol. 
2000:32:1821-1830. 

12. Litwin SE, Katz SE, Morgan JP, et al. Serial echocardiographic 
assessment of left ventricular geometry and function after large myo- 
cardial infarction in the rat. Circulation. 1994;89:345-354. 

13. Pfeffer JM, Pfeffer MA, Fletcher PJ, et al. Progressive ventricular 
remodeling in rat with myocardial infarction. Am J Physiol. 1991;260: 
H1406-H1414. 

14. Bredt DS, Hwang PM, Glatt CE, et al. Cloned and expressed nitric oxide 
synthase structurally resembles cytochrome P^150 reductase. Nature. 
1991;351:714-718. 



15. Nishida Y, Knudson CB, Nietfeld JJ, et al. Antisense inhibition of 
hyaluronan synthase-2 in human articular chondrocytes inhibits proteo- 
glycan retention and matrix assembly. J Biol Chem. 1999;274: 
21893-21899. 

16. Han X, Kubota I, Feron O. et al. Muscarinic cholinergic regulation of 
cardiac myocyte /c. L is absent in mice with targeted disruption of endo- 
thelial nitric oxide synthase. Proc Natl Acad Sci USA. 1998;95: 
6510-6515. 

17. Vandecasteele G, Eschenhagen T, Scholz H, et al. Muscarinic and 
^-adrenergic regulation of heart rate, force of contraction and calcium 
current is preserved in mice lacking endothelial nitric oxide synthase. Nat 
Med. 1999;5:331-334. 

18. Xu KY, Huso DL, Dawson TM, et al. Nitric oxide synthase in cardiac 
sarcoplasmic reticulum. Proc Natl Acad Sci USA. 1999;96:657-662. 

19. Lo W, Jan C, Wu S, et al. Cardiovascular effects of nitric oxide and 
adenosine in the nucleus tractus solitarii of rats. Hypertension. 1998;32: 
1034-1038. 



Downloaded from circ.ahajournals.org by on May 1 1 , 2007 



From C613) 991-5715 



Order # 06862304DP05742329 Tue 15 May 2007 10:09:09 AM EDT 



Page 2 of 13 



Journal of Surgical Research 96, 66-67 (2001) 

doi:10.1006/jsre.20fl0.6052, available online at http-7Avww.idoalibrary.com on 



IDEJ^L 



Differential Upregulation of Cellular Adhesion Molecules at the Sites 
of Oxidative Stress in Experimental Acute Pancreatitis 1 

Geza Telek, M.D.,* Robert Ducroc, M.D. * Jean-Yves Scoazec, M.D.,t Catherine Pasquier, M.D.,.t 
Gerard Feldmann, M.D..+ and Claude Roze, M.D.* 

*MSERM U 410, UNSERM V 327, and tINSERM V 479, Faculty de Mdecine Xavier Dichat, 
Univemiie Paris 7 Denis Diderot, 75870 Paris.. France 

Submitted for publication August 10, 2000; published online January 19, 2001 



Background. Severe acute pancreatitis (AP) is associ- 
ated with exaggerated leukocyte adherence and activa- 
tion. Endothelial cellular adhesion molecules (CAMs) 
can be induced by cytokines, but also directly by oxygen 
free radicals (OFRs), mediated by nuclear factor 
kappa-B (NF-#cB). We investigated the behavior of induc- 
ible CAMs in relation to pancreatic oxidative stress. Our 
novel modification of cerium capture histochemistry (re- 
action of OFRs with cerium produces laser reflective Ce 
perhydroxide precipitates) combined with reflectance 
confocal laser scanning microscopy (CLSM) allows the 
histological codemonstration of in vivo OFR production 
and immunolabeled CAMs, or NF-kB. 

Methods. Taurocholate AP was induced in rats; sham 
operated and normal animals served as controls. To 
achieve in situ, in vivo reaction of cerium with OFRs, 
animals were perfused with CeCl, solution at different 
time points (1, 2, 8, 24 h) and then sacrificed. 
E-selectin, P-selectin, ICAM-1, VCAM, and NF-kB p65 
were labeled by immunofluorescence (IF) on frozen 
sections of cerium perfused pan creata. IF and Ce per- 
hydroxide reflectance were simultaneously detected 
by CLSM. Pancreatic gene expression of the same 
CAMs was quantified by competitive RT-PCR (MIMIC 
internal control). 

Results. Control pancreata showed negligible reflec- 
tance and minimal CAM expression. Early (1, 2 h) AP 
samples were characterized by intense, heterogeneous 
acinar OFR production, strong P-selectin, and increas- 
ing ICAM expression, with nuclear translocation of 
p65, histologically all colocalizing with the areas of 
acinar oxidative stress. Adherent polymorphonuclear 
leukocytes (PMNs) displayed weak OFR formation. 
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Later (8, 24 h), a slowly declining P-selectin, but per- 
sisting ICAM-1 expression, was paralleled by wide- 
spread adherence of PMNs producing surprisingly 
large amounts of OFRs. VCAM and E-selectin showed a 
mild increase at 24 h. CAM gene activation was in good 
correlation with the protein expression. 

Conclusion. The early acinar oxidative stress is co- 
localized with NF-icB activation, preferential 
P-selectin, and ICAM upregulation in this AP model. 
Subsequently, adherent, activated PMNs become the 
major source of OFRs, thereby contributing to tissue 

damage. © 2001 Academic Press 

INTRODUCTION 

Severe necrotizing acute pancreatitis (AP) 2 is recog- 
nized to be a multiple-stage disease where the patho- 
logical events at the acinar cell level are paralleled by 
an exaggerated local and systemic inflammatory re- 
sponse [1], Excessive release of oxygen derived free 
radicals (OFRs) and destructive microbicid enzymes by 
activated leukocytes — predominantly polymorphonur 
clear (PMN). cells — aggravate the local and AP associ- 
ated multiorgah injury. 

The recruitment of leukocytes to inflammatory sites 
is mediated by the "adhesion cascade" of cellular adhe- 
sion molecules (CAMs) [2]. Selectins are responsible for 

2 Abbreviations used: AP, acute pancreatitis; CAM, cellular adhe- 
sion molecule; CLSM, ennfocal laser scanning microscopy; FITC, 
fluorescein isothiocyanate; ICAM-1, intercellular adhesion molecule; 
IF, immunofluorescence; LRS, lactated Ringer's solutiou; NF-kB, 
nuclear transcription factor-kappaB; OFR, oxygen free radical; PAF, 
platelet activating factor; PBD, pancreatobiliary duct; PECAM, 
platelet endothelial cell adhesion molecule; PMN, polymorphonu- 
clear leukocyte; PMSF, phenylmethylsulfonyl fluoride; RT-PCR, re- 
verse transcriptase polymerase chain reaction; VCAM, vascular cell 
adhesion molecule. 



.0X11 



ooaa-4804/ni $3G.oo 

Copyright © 2001 by Academic Pross 

All rights of reproductinn in any form reserved. 



56 



ipa*eat( 
.%*;«eriui 
Ipjabele^ 
Ifeaele 



PAGE 2/13 • RCVD AT 5/15/2007 7:09:43 AM [Pacific Standard Time] • SVR:SVCS01/1 • DNIS:6034 * CSID:(613) 991-5715 • DURATION (mm-ss):13-26 



From (613) 991-5715 



Order # 06862304DP05742329 Tue 15 May 2007 10:09:09 AM EDT 



Page 3 of 13 



TELEK ET AL.: ADHESION MOLECULES AND OXIDATIVE STRESS IN ACUTE PANCREATITIS 



57 



the initial leukocyte rolling along the vessel walls. In 
: response to proinflammatory stimuli, OFRs [3], and 
hypoxia [4], preformed P-selectin can be translocated 
within minutes to the endothelial cell surface from the 
cytoplasmic Weibel-Palade bodies. Subsequently, a de 
novo synthesis of E- and P-selectin is initiated. The 
firm adhesion of PMNs is predominantly a result of 
interactions between leukocyte integrins and the con- 
stitutively expressed, or newly synthesized, endothe- 
lial ICAM-1. Requirements for the transmigration of 
PMNs include platelets endothelial cell adhesion 
• molecule-1 (PECAM-1) [5] and vascular cell adhesion 
molecule- 1 (VCAM-1) 16]. 

The precise role and source of oxidative stress in AP 
is the subject of continued debate. Acinar cell xanthine 
oxidase [7-9] and activated leukocytes, principally 
PMNs [10-12], are thought to be the major OFR pro- 
ducers. OFRs have diverse detrimental effects [13-15]; 
furthermore, recent evidence suggests that they may 
function as second messengers by activating certain 
gene transcription factors, notably the nuclear tran- 
scription factor- kappa B (NF-kB) [16, 17]. The induc- 
tion of certain adhesion molecules (e.g. ICAM-1, 
VCAM, P- and E-selectin) and cytokines is mediated by 
NF-kB [18], therefore acinar cell derived OFRs may 
promote the activation of the above proinflammatory 
factors in AP. 

In the present study we have examined the behavior 
of endothelial adhesion molecules — with special atten- 
tion to their potential correlation with local oxidative 
stress — in sodium taurocholate induced acute necrotiz- 
ing pancreatitis in rats. The pancreatic tissue expres- 
sion of CAM proteins, as well as the localization of 
NF-kB (p65 element), was evaluated by indirect immu- 
nofluorescence (IF), combined with a novel histological 
demonstration of local OFR production by in vivo ce- 
rium capture. Reaction of cerium ions with OFRs forms 
stable, insoluble cerium perhydroxide [Ce ni (OH) 2 OOH 
or Ce^OrDaOOH] precipitates. Robinson and Batten 
[19], as well as Halbhuber et al. [20], have shown that 
these transparent deposits can be directly visualized 
by taking advantage of their strong laser reflective 
properties, employing the reflectance mode of confocal 
laser scanning microscopy (CLSM). We have applied 
tlus concept, and by improving and clarifying certain 
technical details we have recently demonstrated the 
evolution of oxidative stress in experimental AP [21]. 

In the present study experimental animals were in- 
travascularly perfused with cerium chloride immedi- 
ately before sacrifice to achieve in situ, in vivo reaction 
of cerium with OFRs in the pancreas. Multichannel 
CLSM on cryostat sections of the cerium perfused pan- 
creata allowed the codemonstration of OFR-derived 
cerium perhydroxide deposits together with immuno- 
labeled CAMs or NF-kB. The gene activation of E- and 
P-selectins, ICAM-1, and VCAM was quantified by 



competitive reverse transcriptase polymerase chain re- 
action (RT-PCR). 

MATERIALS AND METHODS 

The Sodium Taurocholate Induced Acute Pancreatitis 
Model and Control Animals 

Male Wistar rats (280-320 g) were fasted for 12 h prior to the 
experiments, but had free access to water. The animals were treated 
in accordance with the European Community Standards concerning 
the care and use of laboratory animals (INSERM and Ministere de 
l'Agriculture et de la Foret, Prance, Authorization No. 02249). All 
animals were anesthetized by intraperitoneal injection of 50 mg/kg 
sodium pentobarbital (Sanofi, Libourne, France). After a small right 
paramedian laparotomy the pancreas was exteriorized, and the pan- 
crcatobiliary duct (PBD) was temporarily closed al the liver hilum 
with a soft microvascular clamp to prevent reflux of the infused 
material into the liver. A cannula was inserted into the distal PBD in 
a transpapillary fashion through the duodenum and fixed exteriorly 
by a temporary ligature. This was followed by a alow, retrograde 
injection (100 jaVJOO g body wt, pressure 40 cm H 4 0) of lactated 
Ringer's solution (LRS, Presenilis, Louviers, France) containing 5% 
sodium taurocholate (Sigma Chemical Co., St. Louis, MO) into the 
PBD. All reagents were filtered through a 0.2-um filter (Schleicher & 
Schuell France SARL, Ecqucvilly, France) to remove particles that 
might cause artifactual reflectnnco signals. After the removal of all 
devices, the laparotomy was closed in two layers. 

The following control animals were included: normal controls, in 
which animals underwent laparotomy with cerium perfusion only 
(see below), and sham operated animals, which underwent the fol- 
lowing procedure: laparotomy, temporary clamping of the PBD at the 
hiluin of the liver, transpupillary cannulation of the PBD, but no 
fluid infusion into the pancreas [22]. 

Cerium Chloride Perfusion and Pancreas Sampling 

At different time points (I, 2, 8, 24 h) after acute pancreatitis 
induction or sham operation the animals (n - 5 at each time point) 
underwent relaparotomy under pentobarbital anesthesia. The distal 
segment of the abdominal aorta was cannulated and then 50 ml of 
cerium '"chloride solution (Sigma, 20 mmol/L, dissolved in LRS) was 
slowly injected into the aorta. The inferior cava! vein was immedi- 
ately punctured for the release of the perfusate-blood mixture. In 
such a manner the entire aortic vascular bed waR "washed through" 
with CeCl 3 solution. Samples of pancreas were rapidly collected, 
immediately snap frozen in liquid nitrogen, and stored at -80°C 
until processing. Normal control animals (n = 5) underwent this 
procedure only. For RT-PCR analysis of DAM gene expression, pan- 
creata from identical animal groups were collected under similar 
conditions, but without cerium chloride infusion, and treated as 
below. 

Processing of Pancreatic Tissue for Histology 

For routine histology, formalin-fixed and frozen sections of pan- 
creata were stained with hematoxylin-eosin. For IF studies 10-fim- 
thick cryostat sections were cut from the cerium-perfused pancreas 
samples on 3-aminopropyltriethoxysilane-coated (Sigma) glass slides 
and then fixed for 5 min at -20*C in methyl alcohol (or paraformal- 
dehyde in cases of E-selectin labeling), supplemented with 1 mmol/L 
of the protease inhibitor phcnylnicthylsulfonyl fluoride (PMSF, 
Sigma). 

Indirect IF was performed as below. The following washing fluid 
was used: LRS supplemented with 1% bovine serum albumin (Sig- 
ma), proteose inhibitors PMSF (0.1 mmol/L), aprotinin (Ttasylol, 
Bayer, Zurich, Switzerland) (200 /ig/ml). Briefly, the sections were 
rehydrated with the washing fluid and then incubated with primary 
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TABLE 1 

The Sequences Used as Endothelial Cellular Adhesion Molecule and 0-Actin Specific Primers 



Product 



Primers (Acc. No.) 



Upstream primer 



Downstream primer 



P-selectin (L23088) 
ICAM-1 (D00913) 
VCAM(X63722) 
E-selectin (L25527) 
p-actin (V0.1217) 



5 '-CCC AATAAC AAGAG GAAC -3 ' 
5 -1TCCTTCTCTATTACCCC-3* 
5 '-CATGTAACTCTGGGAAAC-3 ' 
5'-GTGTGACCAAGTTCTGACCTGC-3' 
5 '-ATTTGGCACCACACTTTCTAC AAT- 
GAGCTGCG-3' 



MIMIC 
size 



5'-GCTGGCACTCAAATTTAC-3' 541 bp 445 bp 

5'-GTGAGCGTCCATATTTAG-3' 517 bp 347 bp 

5'-ATTCACTCCTTCACACAC-3' 593 bp 410 bp 

5 ' -ATGGC ATCAC AGGTC ACAGC-3 ' 450 bp 347 bp 

5 ' -GCAGATGTGGATCAGCAAGCA- 838 bp 613 bp 
GGAGTACGATG-3' 



antibodies for 60 miri. After being washed repeatedly, the fluorescein 
isothiocyanate (FITC)-conjugated secondary antibodies were applied 
for 60 min. The following primary antibodies were used; P-selectin: 
rabbit anti-human P-selectin (09361 A, PharMingen, San Diego, CA) 
which reacts with the human, rat, and mouse epitope. E-neleetin: 
monoclonal anti-rat K-selectin 14G2 1231, kind gift of Dr. Barry A. 
Wohtzky (Hoffmann-La Roche Inc., Nutley, NJ) and RME-1 [24], a 
generous gift of Dr. Andrew C. Isaekutz (Dalhouaie University, Hali- 
fax, Canada). JCAM-1: monoclonal mouse anti-rat ICAM-1 (BSA-1, 
R&D Systems, Abingdon, UK). VCAM: monoclonal mouse anti-rat 
VCAM (5F-10, Berkely Antibody Co., Richmond, CA). NF-kH p65: 
rabbit anti-human p65 (kc-109, rat cross-reactive, Santa Cruz Bio- 
technology Inc., Santa Cruz, CA; kind gift of Dr. David Malka IN- 
SERM U315, Marseille, France). The corresponding FITC- 
conjugated secondary antibodies were obtained from Jackson 
ImmunoResearch Inc. (West Grove, PA). Nuclei were colored with 50 
/xg/ml propidium iodide (Sigma), and the preparation was mounted 
in glycerol gelatin (Sigma) supplemented with 50 mg/ml anti-fading 
agent l,4-diazabicyc'lo-[2.2.2.]-octane (Sigma). Omission of primary 
antibody served as the negative control. 

Confocal Microscopy and Digital Image Processing 

Observations were performed with CLSM (Leica 'PCS 4D, Leica 
Lascrtcchnik GmbH, Heidelberg, Germany) using multichannel de- 
tection. In the cases of fluorescence and transmission detection chan- 
nels the system's default excitation- detection settings were used, 
and photomultiplier sensitivities were adjusted according to the 
actual signal intensities. In contrast, the parameters of the reflec- 
tance channel (detecting OFR reaction derived cerium perhydroxide) 
were, always set to the same previously denned values throughout 
the acquisition sessions: dual laser wavelengths of 468 + 567 nm, 
power: 100 (arbitrary value), photomultiplier sensitivity: 420. To 
further exclude operator bias, observations were performed on coded 
samples in a blinded fashion. 

In each image series nine optical sections were recorded per chan- 
nel, scanning a horizontal tissue area of 100 (im ! (final magnifica- 
tion: 570X), and a vertical tissue thickness of 5 pm. The images of. 
the consecutive optical layers were then digitally reconstructed us- 
ing the microscope system's "p8eudo-3D" object volume reconstruc- 
tion algorithm (Simulated Fluorescence Process, Leica). Cerium re- 
flectance signals wore digitally colored in "glow," (See Fig. 2: color 
scale 1), FITC-derived IF signals in green (Fig. 2: color scale 2), and 
nuclei in red (Fig. 2: color scale 3). The tissue structure background 
obtained by transmission mode was represented in grayscale (Fig. 2: 
color scale 4). The images of the four detection channels were Gauss 
filtered and then digitally superposed to give a composite picture 
(Adobe Photoshop 5.0 software, Adobe Systems Inc., San Jose, CA). 
No digital enhancements were made that would alter the informa- 
tion content of the original images. 

For comparative purposes the CAM protein expression was semi- 
quantitatively evaluated by counting the IF-positive microvessels on 
10 randomly chosen 40 x" power microscopic fields per pancreas sam- 



ple, and the results were represented as means ± SEM. In the case 
of P-selectin, only endothelium associated, linearly shaped fluores- 
cence signals were counted, whereas collections of bright, dot-like 
foci (corresponding to adherent platelets) were excluded. 

Quantification of Cellular Adhesion Molecule mRNA 
Expression by Competitive RT-PCR Analysis 

Preparation of pancreatic total RNA and reverse transcription to 
cDNA. Pancreata were quickly dissected and immediately frozen in 
liquid nitrogen. Pancreatic total RNA was extracted in 5 mol/L 
guanidium thincyanate and purified through a cesium gradient [25]. 
RNA quality was verified by a better than 1:1 ethidium bromide 
staining of rRNA bands on denaturing agarose gel. Total RNA was 
precipitated and resuspended in diethylpyrocarbonate-treated ster- 
ile H 4 0, quantified by spectrophotometry (A260/A280 ratio >1.8), 
and diluted to the concentration of 1.0 WJ/VL. Equal aliqunts (1 pg) 
of each RNA stock were reverse-transcribed into cDNA by the ran- 
dom hcxanucleotide method using Moloney murine leukemia virus 
reverse transcriptase (Promegu, Charbonnieres, France). Working 
stocks were stored at -80"C until required. 

Quantitative competitive PCR analysis of pancreatic CAM specific 
mRNA content. To quantify changes in mRNA expression of adhe- 
sion molecules during the course of AP, we applied quantitative 
competitive PCR using the MIMIC system (Clontech Laboratories, 
Palo Alto, CA). PCR MIMIC constructs are nonhomologous, irrele- 
vant DNA sequences that are engineered to possess on both ends the 
same priming sites as the endogenous (CAM-specific) message and 
designed to be slightly different in size from the cDNA of interest. 
Decreasing known concentrations of these MIMIC constructs ore 
added to PCR. amplification reactions, where they compete with the 
same sample's target message derived cDNA for the same primers 
and thus sorve as internal standards. Comparison of band intensities 
produced by the endogenous CAM message, and by the known con- 
centration of PCR MIMICs, allowed the accurate quantification of 
cDNA derived from the respective CAM mRNA. Values were nor- 
malized to those of an internal control housekeeping gene product 
(0-actin mRNA), determined similarly in the same sample. 

Nonlooping nonoverlapping oligonucleotide primer pairs from sep- 
arate exons were designed from published sequences for each gene 
studied and purchased from Gibco BRL (Life Technologies, Paisley, 
UK). The sequences used as endothelial CAM and fl-actin specific 
primers are shown in Table 1. PCR MIMICs were constructed to . 
harbor, the respective specific primer sequences for each of the ad- 
hesion molecules studied, or for 0-actin. Two-microliter aliquots of 
cDNA were used as target for separate competitive PCR reactions in 
the presence of 0.5 units of Taq DNA polymerase (Promega, Char- . 
bonnieres, France), 50 umol/L of a primer pair, specific for the 
particular adhesion molecule (or 0-actin), and decreasing amounts of .. 
the corresponding MIMIC constructs. The reaction fluid also con- : 
tained 10 nunol/L Tris-HCl, (pll 8.3), 2,5 mmol/L MgCl,, 50 mmol/L 
KC1, and 250 /unol/L deoxynucleoside triphosphates. Amplification 
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FIG. 1. Quantification of pancreatic adhesion molecule mRNA expression by competitive RT-PCR. (A) Representative gels showing 
P-selectin specific (T = target) and corresponding MIMIC competitor control (M) PCR products from the pancreas of a sham operated control 
(at 8 h) and a taurocholate induced acute pancreatitis (AP) (at 8 h) animal. Constant amounts of cDNA (prepared from 1 ng total RNA of each 
pancroas) were coamplified using P-selectin specific primers in the presence of sequential 1:3 dilutions of P-selcctin-MIMIC. The resulting 
PCR products were resolved on ethidium-bromide-stained agarose gel and band intensities were measured by densitometry. (B) After 
correction tor the differences in size (T = 541 and M 445 bp), the logarithm of the density ratios (log T/M) was plotted against the logarithm 
of the initial amounts of'MIMTC added to the PCR reactions. The lines represent a linear regression analysis of data points (yielding slopes 
of approximately - 1.0). (C) The absolute amounts of P-selectin specific cDNA were extrapolated from the target-MIMIC equivalence points 
(log T/M = 0). Subsequently, these values were normalized to the expression of 0-actin (determined identically) in tho same pancreata, and 
the actual abundance of P-selectin specific mRNA was expressed in attomoles (amnl) per milligram of total RNA. 



cycles were carried out, in a DNA thermal cycler (Pcrkin-Ehner 
Corp., Norwalk, CT) under the following conditions: initial incuba- 
tion for 2 min at 94°C, followed by repeated amplification cycles of 1 
min at 94°C, 45 s at 50 C C (E-s'electin) or 56°C (P-selectin, VCAM, 
ICAM-l, p-actin), and 1 min at 72°C. Experiments were performed in 
duplicates. The specificity of products amplified at the expected sizes 
was verified by restriction enzyme analysis with the use of at least 
two different restriction enzymes. Control PCRs were performed by 
omitting reverse transcription during the DNA synthesis and by 
substituting water for cDNA during PCR experiments. The amplified 
PCR products were run on 1.6% agarose gels stained with ethidium 
bromide to resolve the proportion of Bample and competitor cDNAs. 
The intensities of gene specific bands were photographed in UV light, 
and subsequent to image digitalization (Fig. 1A), the density ratios of 
target to mimic bands were determined by digital image analysis 
(N1H Image 1.61 program, NIH, Washington, DC, public domain). 
The amount of specific mRNA of interest was determined from the 
competition curve obtained by plotting the logarithm of the density 
ratios of the target to mimic PCR products (after correction for the 
difference in size) as a function of the logarithm of the amount of 
MIMIC added to the reaction ("Fig. IB). The total amount of adhesion 
molecule mRNA in the sample was calculated from the mimic values 
at the equivalence point (log density ratio = 0, Fig. 1C). To allow 
comparison between different RNA samples and experimental con- 
ditions, the CAM specific mRNA concentration values were further 
normalized to the expression level of 0-actin mRNA, and these nor- 
malized values were used in the final data analysis. The amount of a 
specific RNA was expressed in attomoles (amo!) per milligram of 
total RNA. 

Statistical analysis. Data are expressed as means ± SEM and 
compared using the nonparametric Kruskal-Wallis test to analyze 
the global differences in gene expression between the groups and the 
non parametric Wilcoxon test to identify individual differences be- 
tween groups. In all statistical analyses, the difference was consid- 
ered significant when P < 0.05. 



RESULTS 

Macroscopic Lesions and Routine Histology 

Normal control pancreata were macroscopically in- 
tact, with normal histological structure. Sham oper- 
ated animals developed small increases of peritoneal 
fluid and laparotomy wound edema. The pancreata had 
normal appearance with a mild leukocyte presence at 
the peritoneal surfaces seen in certain cases. Neither 
acinar cell vacuolization nor necrosis was noted upon 
routine histology. 

All sodium taurocholate treated animals developed 
classic [26] severe acute necrotizing pancreatitis. His- 
tologically acinar cell vacuolization and heterogeneous 
necrosis were detected, adherent leukocytes were seen 
as early as 1 h, evolving into a leukocytic infiltration 
from 2 h. No mortality was observed in any of the 
animal groups sacrificed during the 1- to 24-h observa- 
tion period. 

Oxidative Stress and Adfiesion Molecule Expression 
in Control Animals 

Normal control pancreata showed low levels of aci- 
nar cell cerium reflectance at our standardized confocal 
microscopy settings, with practically no adherent or 
infiltrating leukocytes (Fig. 21). Occasionally present 
adherent platelets and a few capillaries were focally 
positive for P-selectin, and some postcapillary venules 
showed weak constitutive ICAM-l immunofluores- 
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cence. E-selectin and VCAM stained samples were neg- 
ative. 

Laparotomized controls showed a modest increase of 
acinar cerium reflectance signals in heterogeneous dis- 
tribution, especially 1 h after laparotomy, subsiding at 
later time points. At 8 and 24 h the laparotomized 
control pancreata showed similar amounts and distri- 
bution of reflectance as the normal controls. One hour 
after laparotomy some capillaries and postcapillary 
venules presented occasional P-selectin positivity, 
which was partly associated with endothelial cells, but 
mostly with adherent platelets. A slight increase in 
ICAM-I immunoreactivity was observed at 2 and 8 h 
(Fig. 2J) with rare, focal E-selectin and VCAM positiv- 
ity (1-2 venules per slide preparation). The increases 
in CAM protein expression detected by IF in sham 
operated controls paralleled the results of the quanti- 
tative evaluation of the gene expression of the respec- 
tive adhesion molecules. 

Oxidative Stress and Adhesion Molecule Expression 
in Acute Pancreatitis 

At 1 h after AP induction, strong cytoplasmic reflec- 
tance signals were detected over the pancreatic acini 
and occasionally intravascularly in the p'eriacinar cap- 
illaries. Islets of Langerhans.. and small pancreatic 
ducts were free of cerium deposits. This strongly sug- 
gests that at this early time,point, OFR production was 
mainly located within the acinar cells. Heteroge- 
neously distributed, strong P-selectin expression was 
observed on the pancreatic capillary endothelial cell 
surfaces and postcapillary venules, most frequently in 
the close neighborhood of acini presenting intense re- 
flectance signals (Fig. 2A). Aggregates of adherent 
P-selectin positive platelets were also frequently seen. 
Figure 2A1 shows a P-selectin positive venule with few 
adherent and transmigrating PMNs. It is noteworthy 



that at this early phase PMNs can apparently adhere 
to each other by interposed P-selectin positive plate- 
lets. These leukocytes present low levels of cerium 
derived reflectance in comparison with those imaged at 
later time points of AP (Fig. 2D). Compared to controls, 
a mildly increased ICAM-1 protein expression was 
noted on capillary and postcapillary venular endothe- 
lial surfaces, with a higher incidence at the sites of 
oxidative stress (Fig. 2E). E-selectin and VCAM ex- 
pression were negligible at this early phase. Leukocyte 
margination, however, was relatively rare, comprising 
mainly PMNs adhering to P-selectin and ICAM-1 pos- 
itive vessel walls. Their OFR production was found 
to be weak, with few, mostly intracellular, cerium 
deposits. 

At 2 h after AP induction the acinar cerium reflec- 
tance persisted, but additionally, the small capillaries/ 
venules were frequently engorged with cerium perhy- 
droxide deposits (Fig. 2F), whereas the arterioles were 
free of reflectance. We have also observed capillary 
endothelial surfaces thinly covered by cerium deposits, 
which may suggest OFR production by the endothelial 
cells themselves. Several capillaries/venules showed 
adherent PMNs, with the occasional appearance of ex- 
tracellular cerium deposits around the leukocytes. 
P-selectin and ICAM-1 expression were found to be 
further increased, with a preponderance at the perine- 
crotic regions (Figs. 2B and 2F, respectively). 
E-selectin and VCAM IF were observed only occasion- 
ally. 

At 8 h after AP induction there are important 
changes. The samples were characterized histologi- 
cally by large numbers of adherent and transmigrated 
PMNs evolving into a strong periacinar leukocytic in- 
filtration. A decrease in acinar reflectance signals was 
noted, whereas the OFR production by PMNs in- 
creased considerably, represented by the high intensity 



FIG. 2. Multi-channel confocal microscopy images codemonstrating oxidative stress (histochemically detected by the cerium capture 
method, as described in the text) and cellular adhesion molecules (immunolocalized by IF) in cryostat sections prepared from cerium perfused 
pancreata of acute pancreatitis and control animals. The detection channels were color coded using the color scales 1-4, where the stronger 
signals correspond to brighter colore. (1) "Glow": oxidative stress, detected by cerium derived laser reflectance signals. (2) Green: immuno- 
labclcd cellular adhesion molecules (P-selectin: A-D and I, ICAM-1: E-H»- and J, VCAM: K, E-selectin: L). (3) Red: propidium-iodide-stained 
nuclei. (4) Grayscale: tissue background obtained in transmission mode. Arrows point at adherent, or transmigrating, leukocytes. (A and E) 
Pancreata 1 h after acute pancreatitis induction. Strong cerium deposition derived reflectance signals are apparent in the pancreatic acinar 
cells representing active OFR production. Capillaries are positive for P-sclcctin (A) and ICAM-1 (E) in the close neighborhood of OFR 
producing acini, with few adherent PMNs. The lack of reflectance signals in these PMNs suggests low levels of activation. (Al) P-sclcctin 
positive postcapillary venule with numerous adhering and transmigrating PMNs presenting low levels of cerium reflectance. Some PMNs 
apparently adhere to each other by interposed P-selectin positive platelets (arrows). (B and F) AP at 2 h, showing persisting OFR production 
in acinar cells with perifocal P-Belectin (B) expression. Some ICAM- 1 positive capillaries are filled with cerium deposits (F, arrows) suggesting 
release of OFRs into the vascular space. Few adherent PMNs are visible in the venules. (C, G, and K) Acute pancreatitis at 8 h. Consecutive 
sections of the same region with a venule immunopositive for P-selectin (C), ICAM- 1 (G), and VCAM (K). Reflectance signak are somewhat 
decreased over the acini, whereas numerous adherent and transmigrating PMNs (arrows) are surrounded by strongly reflective cerium 
deposits. (D, H, and L) Images of AP at 24 h, at this time point acinar reflectance signals are considerably diminished, and the principal 
sources of OFRs are the adherent, or already transmigrated (H, arrows) PMNs. Sections were characterized by persisting P-selectin (D) and 
ICAM-1 (H) and modestly increased E-selectin (L) and VCAM expression. (I and J) Control pancreata showod minimal oxidative stress, 
occasional, weak CAM exprexxian, and negligible leukocyte adherence. (D Normal control pancreaB stained for P-selectin, (J) control pancreas 
2 h after sham operation, showing focal ICAM-1 expression. (Original magnification: 570x. Scale bar: 10 fun). 
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FIG. 3. Semi -quantitative evaluation of CAM protein expression 
in normal control (NC, gray columns), sham operated (Sh, nonfilled 
columns), and AP animals (dark columns). Adhesion molecules were 
labeled by indirect immunofluorescence • (IF) on frozen sections of 
pancreata. In each pancreas sample IF positive microvesaeis (capil- 
laries, postcapillary venules, and venules) were counted on 10 ran- 
domly chosen 40x power microscopic fields, and the results were 
represented as means. In case of P-selectin, only endothelium asso- 
ciated, linearly shaped fluorescence signals were counted (platelets 
were excluded). Normal control animals (NO) were considered time 
point "0 h" in the statistical analyses. *P < 0.05 versus control. 



intra- and extracellular reflectance signals. P-selectin 
and ICAM-1 expression continued to be widespread, 
moreover, the incidence of E-selectin and VCAM posi- 
tive vessels was focally augmented. In several in- 
stances the same postcapillary venules were positive 
for P-selectin, ICAM-1, and VCAM on consecutive sec- 
tions (Pigs. 2C, 2G, and 2K, respectively). 

A similar histological picture was seen 24 h after AP 
induction, with aggravation of pancreas destruction 
and leukocyte infiltration. In general, the acinar OFR 
production was reduced, although due to the spreading 
nature of pancreatic inflammatory process the peri- or 
nonnecrotic areas still presented strong reflectance sig- 
nals. By this time the major producers of oxidative 
stress appeared to be the leukocytes (morphologically 
mostly PMNs). These cells were shining with cerium 
reflectance, especially after their transmigration 
through the capillary walls (Fig. 2H, arrow). The high 
expression of P-selectin (Fig. 2D) and ICAM-1 (Fig. 2H) 
proteins persisted, and the vast majority of leukocyte 
adherence and transmigration appeared to be localized 
to microvessels positive for these two molecules. 
E-selectin (Fig. 2L) and VCAM IF were also noted with 
higher frequencies than those observed at earlier time 
points, but interestingly, it was rarely associated with 
considerable leukocytic adherence or infiltration. A 
summary of these findings is provided in Fig. 3, show- 
ing a semi-quantitative comparison of CAM IF positive 
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FIfi. 4. Representative gels showing P-Keleclin (top), ICAM-1 
(middle), and /S-actin (bottom) mRNA expression as determined by 
competitive RT-PCK in pancreata of sham operated control (8 h) and 
AP (8 h) animals. The reaction productB were at the expected sizes, 
(T = target, M = MIMIC, arrowa point at the DNA ladder: OlOOO 
bp, «»500 bp). The approximate targeU-MIMIC concentration equiv- 
alence is marked by asterisks. M PSSL , M tCAM : initial MIMIC concen- 
trations (x 10 " 3 amoI//nL) added to the reaction tubes in the cases of 
P-selectin and ICAM-1. Adhesion molecule mRNA values were nor- 
malized to the expression of'0-actin, determined by the same method 
in each respective pancreas. M MC : initial 0-actin MIMIC concentra- 
tions (smoVph). 

microvessels (capillaries and postcapillary venules) in 
pancreata of the different animal groups. IF positive 
vessels per 40 X microscopic field were counted, the 
columns represent the means of 10 fields per animal 
(» = 5). 
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FIG. 5. P-selectin and E-Relectin mRNA expression as measured 
by competitive RT-PCR in normal control (NC) and at different time 
points in sham operated and AP animals. Data are expressed as 
means i SEM. "Significantly different from control with P < 0.01; 
'significantly different from control with P < 0.05. 
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FIG. 6. Expression of ICAM-l and VCAM mKNA in normal 
control (NC) and in sham operated versus AI 1 animals, as measured 
by competitive RT-PCR. Data are represented as means SEM. 
•Significantly different from control at P < 0.05. 



Cellular Adhesion Molecule mRNA Expression 
in the Pancreata 

Quantitative evaluation of CAM induction was ob- 
tained by measuring their gene expression by compet- 
itive RT-PCR using the MIMIC internal control 
method. The results were normalized to j3-actin, a cun- 
stitutively expressed housekeeping gene product, de- 
tected in the same sample. The level of /3-actin in the 
pancreas samples showed minimal variance (mean 
3.7 ± 0.3 X 10 s amol/mg total RNA), with no significant 
difference between the animaLgroups studied. 

CAM specific mRNA concentrations were first quan- 
tified in pancreata of normgl control rats. Low levels of 
constitutive P-selectin, ICAM-l, and VCAM mRNA ex- 
pression were detectable with mean values of 0.34 ± 
0.04, 0.51 ± 0.04, and 0.37 ± 0.02 amol/mg total RNA, 
respectively. In contrast, E-selectin mRNA remained 
undetectable in most of the control samples, even when 
twice as much total RNA (2 |tg) was reverse- 
transcribed to cDNA. A representative series of com- 
petitive RT-PCR gels is shown in Fig. 4. As shown in 
Figs. 5 and 6, sham operation had no significant effect 
on P-selectih and VCAM specific mRNA expression. We 
observed a mild increase in ICAM-l gene expression at 
2 and 8 h after sham operation compared to untreated 
animals. E-selectin mRNA remained barely detectable. 

Within 1 h after AP induction P-selectin mRNA ex- 
pression peaked at 1.17 ± 0.09 amol/mg total RNA 
(P < 0.01), followed by a tendency to decline after 2 
and 8 h, and by 24 h it returned to a level not different 
from the controls (Fig. 5). In contrast to the early and 
strong (2.7-fold) elevation of P-selectin gene expression 
after AP induction, E-selectin specific mRNA concen- 
trations showed a modest increase only after 24 h 
(0.21 ± 0.06 amol/mg total RNA, Fig. 6). Moreover, AP 
also generated a rapid, significant upregulation of the 
ICAM-l gene activity, resulting in a 25-36% increase 
in specific mRNA concentrations (Fig. 6). This rise was 
less pronounced than that of P-selectin, but remained 
significant and sustained up until 24 h. In contrast, 
VCAM gene expression showed no significant modifi- 



cation during the early course (first 24 h) of the disease 
(Fig. 6). 

Evaluation of NF-kB Activation by 
Immunofluorescence 

The p65 element of NF-kB was labeled by IF, and 
NF-kB was considered activated, if p65 was translo- 
cated from the cytoplasm to the nuclei on CLSM im- 
ages. We detected p65 positivity colocalizing with nu- 
clei on high-resolution confocal optical sections as early 
as 1 h post AP induction, where numerous pancreatic 
acinar cell (Figs. 7A, 7C, and 7D, arrows) and capillary 
endothelial cell nuclei (Fig. 7D, arrow) showed p65 
fluorescence in a heterogeneous distribution. Similarly 
to CAM protein expression, evidence of NF-kB activa- 
tion was frequently found in acinar groups presenting 
strong OFR derived reflectance signals. Control sam- 
ples were characterized by cytoplasmic p65 positivity 
with undetectable nuclear translocation, and low levels 
of cerium derived reflectance (Figs. 7B and 7E). 

DISCUSSION 

Cumulating evidence supports the pathogenic role of 
CAMs in uncontrolled leukocyte adherence and activa- 
tion contributing to tissue damage in AP [27] . Experi- 
mental administration of antibodies against CDlla/ 
CD18 and ICAM-l attenuated superoxide anion 
release by PMNs and their accumulation in the lungs 
of rats with AP [28]. AP associated ascites fluid from 
rats induced NF-kB activation together with ICAM 
and VCAM, but not E-selectin expression in human 
vascular endothelial cells [29]. ICAM-l-deficient 
knock-out mice showed less pancreatic and lung injury 
with decreased neutrophil sequestration [30]. Re- 
cently, CAMs were studied in different AP models us- 
ing radiolabeled monoclonal antibodies. In the mouse 
choline-deficient/ethionine-supplemented diet AP 
model Lundberg et al. demonstrated widespread 
P-selectin induction in the pancreas, spleen, liver, and 
lung [31], as well as upregulation of pulmonary 
E-selectin, ICAM-l, and VCAM-1 [32]. In rat tauro- 
cholate AP Folch et al. have found increases in pancre- 
atic and pulmonary P-selectin expression, whereas 
ICAM-l was unchanged. Immunoneutralization of 
P-selectin or ICAM-l or inhibition of OFR producing 
xanthine oxidase prevented the neutrophil infiltration 
in the lung [33]. Indeed, besides the unquestionable 
role of cytokines in CAM induction, the local and sys- 
temic oxidative stress may exert a similar effect via 
NF-kB activation. 

However, the in situ, in vivo detection of OFR pro- 
duction is practically impossible with the traditional 
methods. Using our novel modification of cerium based 
free radical histochemistry (combined with reflectance 
CLSM) we have recently described the in vivo evolu- 
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7. Localization of the immunolaheled NF-kB p 65 element as detected by CLSM in the pancreas 1 h after AP induction (A, C, D), in 
control (B), and 1 h after sham operation (E). (A) Acinar cytoplasmic regions present strong reflectance signals, and p65 is 



FIG. 7. 

normal 

translocated into the nuclei in certain cells (arrows), consistent with NF-kB activation. (1-3) Separate confoc^^tic^se^on7m"a'^oTthe 
cell marked with yellow arrow on (A). (4-7) Separate optical sections of the cells marked with white arrows on (A). (C) Arrows point at nuclei 
positive for p65. (D) Arrow points at an endothelial cell of a postcapillary venule with p65 translocated into the nucleuB. (B and E) Control 
images showing cytoplasmic p65 immunopositivity (arrows). (Final magnification: 1140x, scale bar: 10 fan.) 



tion of OFR production at a histological level in the 
taurocholate At* model. We have shown an apparent 
OFR source switch in the pancreas from acinar cells — 
dominating the early period — to leukocytes as the dis- 
ease progressed. In addition, we observed a general- 
ized, time-dependent OFR production by blood and 
ascites derived PMNs {21]. 

In this study we demonstrate the differential up- 
regulation of the inducible endothelial CAMs at the 
sites of oxidative stress in the taurocholate AP model. 
Measurement of CAM protein expression by antibody 
techniques suffers from several drawbacks. Quantifi- 
cation of immunofluorescence is not reliable; antibod- 
ies can bind to necrotic tissues in a nonspecific manner; 
adherent platelets express P-selectin. Therefore, radio- 
labeled antibody binding studies may overestimate 
CAM expression in the lack of histological control. Al- 
though activation of a CAM gene does not necessarily 
mean the downstream increase in protein expression, 
measurements of gene activation using competitive 



RT-PCR may add useful information to our current 
knowledge. Due to MIMIC internal standards, this 
procedure is suitable for the reliable quantification of 
small amounts of gene transcripts [34, 35]. Similarly to 
previous studies, we have normalized the CAM gene 
expression measurements to the sample's 0-actin gene 
expression ("housekeeping" gene). Recently, Yuan et at. 
[36J showed significant /3-actin gene upregulation in 
the supramaximal cerulein stimulation AP model and 
suggested that this gene may not be appropriate as 
RNA-loading controls for Northern blot analysis of 
pancreatic tissue. In the taurocholate induced AP we 
did not find such changes as detected by competitive 
RT-PCR, which may be explained in part by the differ- 
ent pathomechanism of this model. Our RT-PCR data 
were in good correlation with the CAM protein expres- 
sion semi-quantitatively evaluated by counting CAM 
IF positive microvessels on cryostat sections. 

Our choice of AP model and controls deserves further 
comments. The mechanism of taurocholate induced AP 
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model is based on the additive effects of retrograde 
fluid injection (elevating intraductal pressure), the de- 
tergent properties of sodium taurocholate, and the po- 
tential presence of bacteria, resulting in a severe in- 
flammation comparable to human biliary pancreatitis. 
Due to its necrotizing nature, this model is less appro- 
priate for evaluating the initial acinar intracellular 
events, however, it seems to be very suitable for study- 
ing the local and systemic inflammatory reaction. With 
our careful, minimally invasive surgical technique we 
could render this model highly reproducible with neg- 
ligible surgical artifacts, as confirmed by the sham 
operated controls. Another problem is the sham oper- 
ation, which traditionally includes retrograde intra- 
ductal injection of saline instead of taurocholate. The 
pancreas seems to respond to noxious events in a uni- 
form manner, and it has been shown recently by Lii- 
then et al. [22] that this latter procedure provokes 
specific pancreatic damage with significant pancreatic 
enzyme elevation in the serum, consistent with low- 
grade acute pancreatitis. Moreover, these authors have 
observed a significant reduction in the intrapancreatic 
glutathione content, which is an indirect sign of oxida- 
tive stress. In agreement with these data, our prelim- 
inary experiments showed that retrograde saline injec- 
tion modestly, but rapidly, increases intrapancreatic 
OFR production, as detected by the cerium method. 
Consequently, to exclude such specific pancreatito- 
genic injury in our sham operated control animal 
group, the intraductal saline injection was omitted. 

Our results demonstrate that this AP model is char- 
acterized by a strong and rapid P-selectin, as well as 
ICAM, upregulation, whereas only a modest and de- 
layed augmentation of E-selectin and VCAM expres- 
sion occurs. Similarly to other pathologies 137], this 
specific CAM combination may play a role in the pref- 
erential accumulation of PMNs in the AP tissue sam- 
ples. 

The early nature of leukocyte adherence was also 
remarkable. Presynthesized P-selectin can be translo- 
cated from endothelial Weibel-Palade bodies to the cell 
surface within minutes, and de novo synthesis supplies 
new molecules in case of prolonged inflammatory stim- 
uli. This could be the explanation for the particularly 
rapid and persisting P-selectin immunopositivity ob- 
served over the time course of our experiments. 
P-selectin not only mediates the low-energy rolling 
phenomenon, but also has a juxtacrine anchoring func- 
tion, thereby facilitating the binding of platelet- 
activating factor (PAF) to PAF receptors on the surface 
of PMNs. This results in the activation of CD11/CD18 
leukocyte integrins, which then support the firm adhe- 
sion of PMNs to ICAM on the surface of endothelium 
[381. Apparently, H 2 O a produced by xanthine oxidase 
promotes this interaction as intermediate [39]. We 
have observed large numbers of platelets adhering to 



pancreatic endothelial surfaces, but also to leukocytes 
in the pancreatitis samples, whereas this phenomenon 
was negligible in control pancreata. Activated platelets 
also express P-selectin and PAF on their surfaces and, 
once adherent to PMNs [40], platelets use these mole- 
cules to activate the leukocyte integrins in a similar 
fashion [41]. 

The potential pathogenic role of OFRs in the induc- 
tion of exaggerated inflammatory response is sup- 
ported by our observation that the strong upregulation 
of CAM expression colocalized with oxidative stress. 
Previously, in cases of single, isolated leukocytes we 
could successfully quantify OFR production by image 
analysis of Ce reflectance signals [21]. On the contrary, 
we felt that due to certain factors (temporal, spatial, 
and cellular heterogeneity of OFR production, com- 
plexity of pancreatic histology, and multichannel 
CLSM imaging) a meaningful, unbiased quantification 
of OFR derived reflectance signals in relation to CAM 
expression in a tissue environment is not resolved at 
present. Therefore we were obliged to omit the statis- 
tical evaluation by image analysis of tissue CAM ex- 
pression versus local oxidative stress. Our conclusion 
of apparent colocalization is baaed on the review of 
large numbers of image series. At 1 and 2 h after AP 
induction, large acinar areas presented strong reflec- 
tance signals, consistent with intense OFR production. 
The majority of P-selectin and ICAM expression could 
be observed in the close proximity of these acini. At 2 h, 
besides the sustained acinar OFR production, a high 
prevalence of intracapillary and intravenular Ce de- 
posits suggested the presence of OFRs in the blood- 
stream. OFR production by liberated xanthine oxidase 
[42] or by endothelial cells could be considered. Later, 
after 8 and 24 h, large numbers of activated PMNs 
adherent to P-selectin and ICAM-1 positive endothelial 
surfaces (or already transmigrated into the pancreatic 
tissue) showed strong reflectance signals. 

The rapid CAM upregulation (appearing earlier than 
de novo synthesized cytokines could be expected as 
inducers [43]) could be explained by the direct activa- 
tion of NF-kB by OFRs as signal transmitters [16]. 
Using electrophoretic mobility shift assays, early 
NF-kB activation has been demonstrated in different 
AP models by several recent reports [44-47]. We have 
found nuclear translocation (consistent with activa- 
tion) of NF-kB p65 element at the sites of oxidative 
stress as early as 1 h post AP induction. Therefore, the 
initial acinar OFR production may play an important 
role in the induction of the inflammatory reaction by 
mobilizing P-selectin and, in parallel, by activating the 
genes of several cytokines and adhesion molecules 
through NF-kB. To our knowledge this has been the 
first morphological observation of nuclear transloca- 
tion of the NF-kB p65 element at the sites of strong 
oxidative stress in AP. 
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In conclusion, our results support the hypothesis 
that early pancreatic acinar oxidative stress may play 
an important role in the rapid and extensive activation 
of the proinflammatory machinery in the taurocholate 
model of acute pancreatitis, and the inadequate up- 
regulation of the adhesion molecule cascade could 
serve as an attractive target for future therapeutic 
interventions. 
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Myotonic dystrophy: an unstable CTG repeat in a protein 
kinase gene 

Luba Timchmko*, Darren G. Monckton* and C. Thomas Caskey* n 



Myotonic dystrophy (DM) is caused by tfie amplification of 
CTG repeats in the 3' untranslated region of a gene encoding 
a protein homologous to serine/ threonine protein kinases. In 
DM patients the CTG repeats are extremely unstafile, varying 
in length from patient to patient and generally increasing in 
length in successive generations. There is a strong correlation 
between the size of the repeats and tfie age of (nisei and severity 
of the disease. The molecular basis of the effect of the CTG 
expansion on the detielopment of the DM phenotype continues 
to he investigated. The first working hypothesis of the 
molecular mechanism of DM was a reduction in steady-state 
myotonin-protein kinase (Mt-PK) mRNA and protein levels. 
However, although the consensus finding is that the Mt PK 
mRNA and ptvtein leveLs are decreased in DM patients, it is 
still not clear if this reduction leads directly to th* DM 
phenotype. In this short review we discuss the molecular 
aspects of CTG instability and the expression of Hie 
myotonin-protein kinase gene in normal and DM 
populalio-ns. 

Key words: myotonic dystrophy; CTG repeat; 
myotonin-protein kinase 



Myotonic dystrophy (DM) is an autosomal dominant 
disease characterized by muscle weakness, myotonia, 
endorcrine abnormalities, cataracts and electrocar- 
diographic defects. 1 The global incidence of DM is 
around 1 in 8000, although it is much higher in some 
populations, such as the French Canadians, and 
extremely rare in others, such as African blacks. 2 The 
symptoms expressed and the age of onset are 
extremely variable from patient to patient, both 
within and between families. DM is one of an 
apparently increasing number of disorders that dis- 
plays the unusual phenomenon of genetic anticipa- 
tion, that is an earlier age of onset and increasingly 
severe symptoms in succeeding generations. 3,4 Fre- 
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quently, DM pedigrees will only be identified when a 
severely affected child with the congenital form of DM 
is born. Congenital DM (CDM) is characterized by 
severe hypotonia (so-called 'floppy babies') and respi- 
ratory distress. Further analysis of the families with 
CDM children often reveals early signs of the classic: 
adult onset form of the disease in one of the parents. 
The classic adult onset form of die disease usually 
begins in mid-life, around 20- to 40-years-old, and is 
characterized by progressive; myotonia and muscular 
atrophy. Detailed analysis of the grandparents in 
affected pedigrees will usually only reveal the exis- 
tence of minor symptoms such as cataracts that appear 
late in life. Prior to the identification of the molecular 
defect underlying DM, it was unclear whether antici- 
pation was a true phenomenon or an artifact of 
ascertainment bias in the collection of pedigrees. 3 
However, since the DM gene was cloned a molecular 
basis for the symptom variability and genetic anticipa- 
tion have become apparent as products of a region of 
unstable repeated DNA. 



Unstable DNA in the myotonic dystrophy gene 

Early in 1992, after the region containing the DM 
gene had been narrowed down to a small area on the 
long arm of chromosome 19, a probe from this region 
was shown to detect enlarged and apparently unstable 
DNA fragments specific to DM patients. 5 " 7 Soon after, 
it was demonstrated that the enlarged fragments seen 
in patients were the result of the expansion of a CTG 
repeat in the 3' untranslated region (UTR) of a gene 
showing homology to serine/threonine protein kina- 
ses, termed myotonin protein kinase (Mt-PK)*" 10 (see 
Figure 1). The CFG repeat in the 3' IJTR of the Mt-PK 
gene is polymorphic in normal individuals with an 
observed heterozygosity of ~ 80%. The most common 
alleles observed contain less dian 20 copies of the 
CTG repeat, although rarer alleles up to - 40 repeats 
have been seen in normal individuals. In DM patients 
the CTG repeal, array has expanded beyond the 
length usually observed in the normal population. 
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DM chromosomes have expanded CTG arrays carry- 
ing from 50 up to many 1000s of repeats. There is a 
direct correlation between the length of die CTG 
expansion and the age of onset of the disease and the 
severity of the symptoms. 5 10 DM individuals who carry 
alleles in the range of 50 to 200 repeats are generally 
either asymptomatic or only mildly affected with a late 
age of onset of symptoms. Patients carrying expan- 
sions greater than 200 repeats are generally more 
severely affected with an earlier age on onset. CDM 
children are affected at birth and inherit the largest 
DM alleles, usually containing more than 700 repeats. 
However, these correlations are by no means absolute 
and large variations in phenotype still exist between 
individuals carrying similar sized expansions. Thus, 
although the size of the expansion has a major 
influence on age of onset and disease severity, the 
exact prognosis for any one patient appears to be 
related to other, as yet undetermined, genetic and/or 
environmental factors. 

As mentioned above, DM families usually display 
the unusual feature of genetic anticipation. Once die 
CTG expansion in the DM gene had been identified 
an explanation lor this unusual phenomenon became 
apparent. Typing of the blood DNA of patients within 
families revealed that the CTG repeat, was not 
U ansrnitted in a stable fashion and that the size of the 
expansion appeared to increase in succeeding genera- 
tions, correlating directly with die observed clinical 
anticipation.^ 10 - 1 * 10 2 " 27 The observed levels of inter- 
generational instability are remarkably high and 
frequently approach 100% of all transmissions. The 
observed intergenerational differences may also be 
very large, such that CTG repeat alleles with less than 



100 repeats in asymptomatic or minimally affected 
grandparents, may expand to large alleles containing 
many thousands of repeats in congenital ly affected 
grandchildren. The size of the observed intergenera- 
tional difference is dependent on both the initial size 
of the expansion and the sex of the transmitting 
parent. DM pedigrees contain an excess of transmit- 
ting grandfathers and consistent with this observation 
if. has been demonstrated that, smaller DM alleles are 
more unstable and more likely to expand when 
transmitted by a male than by a female. A dramatic 
example of gennline instability in a male has been 
revealed by analysis of an asymptomatic DM male 
whose sperm showed a 98% bias toward expansion of 
the CTG repeat and an estimated >80% risk of 
fathering an overtly affected child (D.G. Monckton e.t 
al, unpublished observations). However, once the 
CTG array expands beyond several hundred repeats it 
appears to lose the dramatic expansion bias observed 
for smaller alkies in the male germline. Only a few 
cases of paternally transmitted CDM have been 
reported 2 *- 29 and direct sperm analysis has not 
revealed the presence of expanded alleles greater 
than 1000 repeats in the male germline. 30 (D.G. 
Monckton el al, unpublished observations). In con- 
trast, transmission of expanded alleles through the 
female germline may frequently generate the very 
large alleles associated with CDM. 15 However, allele 
size does not appear to be the only factor in the 
development of CDM. Children who inherit the DM 
chromosome from their mother are at greater risk of 
expressing the CDM phenotype than if they had 
inherited a similar sized allele from their father. 31 
This suggests that children inheriting larger alleles 



5'UTR LRR 




Kinase Domain 



Coiled Coil 



HR (CTO) n 3' UTR 



Normals usually have 
from 5 to -40 reports 

Figure 1. Schematic representation of the myotonia protein kinase gene product. The unfilled 
narrow rectangles represent the 3' and 5' untranslated regions (UTR). The coding sequence is 
shown as a broad rectangle with the leucine rich region (LRR), kinase domain, coiled coil domain 
and hydrophobic region (HR) indicated, as defined by Wieringa. 53 The position of the (CTG) in 
repeats in the 3'U'l'R that are polymorphic in normal individuals and expanded in DM patients is 
also shown. 
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from their father are protected in utetv by a normal 
mother, or alternatively, that the affected status of DM 
mothers has an adverse in utero effect, on their 
children. 

Although the intergenerational differences in allele 
size observed are generally increases, reductions in 
allele size are occasionally detected. 13,,4 " 2, " !4y6 Com- 
parison of parent, and child allele sizes in blood DNA 
has revealed that approximately 7% of transmissions 
appear to involve a reduction in allele length. 21 The 
frequency of such reductions is higher in male than in 
female transmission (~10% versus 3%) and in sibs 
who already have a sib carrying a reduced allele. 21 
Rarely, these reductions can occasionally generate 
alleles that fall back widvin the normal allele size 
range, although only four such reversions have been 
observed during pedigree analysis and all were trans- 
mitted by the father. 14 ' 24,26 Direct sperm analysis 
indicates that considerably less than 1% of gametes 
from affected males carry reve riant, alleles (D.G. 
Monkton et al, unpublished observation). 

The high mutability of expanded DM alleles is not 
confined to the germline with high levels of somatic 
instability having also been observed. In fact, somatic, 
instability may be so, high that gel electrophoresis 
based size analysis of expanded alleles in somatic 
tissue usually results not in a discrete band, but a 
heterogeneous smear of multiple unresolved frag- 
ments. 5 " 10 Direct comparison of die level of somatic 
heterogeneity between different tissues from die same 
person has shown that somatic instability is tissue 
specific. 30 Most interestingly, the expansion size seen 
in muscle is consistently larger than that observed in 
blood. 11-32 The relevance of diis observation to the 
mainly muscle related phenotype associated with DM 
is currently not clear. Recently, detailed analyses of the 
levels of repeat heterogeneity present in blood DNA 
has revealed that instability is positively correlated 
with patient age and repeat size. 33 Moreover, there 
appears to be a considerable bias toward continuous 
expansion of the repeats throughout adult life 33 (D.G. 
Monckton et al, unpublished observations) . Once 
again, it is currently unclear whether this age related 
expansion bias is re leva u I to the increasingly severe 
symptoms associated with DM. It does, however, seem 
likely that since both patient age and tissue sample 
type can dramatically influence the expansion size 
measured, somatic instability may have sullied 
attempts to precisely associate disease prognosis with 
repeat size. 

Reported intergeneralional differences have been 
generally determined by comparison of allele size in 



the blood DNA of parent and child and the differ- 
ences detected assumed to reflect germline instability. 
However, the demonstration of considerable somatic 
instability, in particular die age related expansion 
bias, is likely to have confounded attempts to recon- 
cile the observed clinical anticipation with increasing 
intergenerational allele length. As mentioned pre- 
viously, approximately 7% of DM transmissions appar- 
ency involve a contraction of the DM repeat Para- 
doxically though, the majority of these cases do not 
result in a later age of onset. 21 However, recent results 
have indicated that some apparent 'contractions' may 
actually be artifacts of age-limited expansion in the 
children and that the DM allele is even more biased 
toward germline expansion than previously thought 
(D.G. Monckton et al unpublished observations). 

The Mt-PK gene and the pathogenesis of DM 

Although the Mt-PK gene was discovered over two 
years ago, the molecular mechanisms that relay the 
GTG expansion to the observed phenotype of DM are 
still not known. The strong correlation between the 
size of repeats and severity of DM disease prompted 
us, and other laboratories, to investigate the DM gene 
structure and its expression in normal and DM 
population, as well as to study the Mt-PK protein 
structure and enzymatic activity. 

The main features of the structural organization of 
the Mt-PK mRNA, deduced from the cDNA and 
genomic DNA nucleotide sequence of the Mt-PK 
gene, are presented in Figure 1. The N-terminal part 
of Mt-PK contains a leucine-rich sequence, which may 
participate in protein-protein interactions. The cen- 
tral portion of Mt-PK is the protein kinase domain, 
which by homology to other known kinases, partic- 
ularly to cAMP-dependent kinases, would suggest that 
Mt-PK is a serine/threonine kinase. The G-terminal 
region of Mt-PK contains both a helical coiled-coil 
domain and a possible transmembranous hydro- 
phobic domain. Presently, the structure of the 5' 
region of the Mt-PK mRNA is still unclear and it is not 
known from which start codon(s) the active Mt-PK 
gene product is translated. Tissue specific alter- 
natively spliced Mt-PK transcripts have been 
observed, 34 " 30 suggesting the existence of a number of 
different Mt-PK isofonns. 

The CTG expansion is situated in die 3' untrans- 
lated region of die Mt-PK gene and is not translated 
into a protein product. However, expansion of the 
repeat may influence either die efficiency of Ml-PK 

15 
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mRNA transcription or the regulation of messenger 
RNA stability, either of which could lead to changes in 
message level for die Mt-PK gene. Analysis of die 
steady-state level of Mt-PK mRNA by different groups 
has, however, revealed contradictor)' data. 3641 Our 
group has demonstrated, using quantitative reverse 
ti-ansc.ription-polymera.se chain reaction, and in agree- 
ment with three other groups, that the level of Mt-PK. 
transcripts in skeletal muscle from adult DM patients 
is reduced, suggesting that DM may be the result of a 
simple reduction in steady state Mt-PK levels. 36 In 
contrast, Sabourin et aP found an apparent increase 
in the amount of the Mt-PK transcript in a congenital 
DM patient and postulated that elevated Mt-PK levels 
are responsible for the dominant pattern of DM 
pathogenesis. These contradictor)' results in the quan- 
titative analysis of the Mt-PK expression could possibly 
be explained by a number of factors, including the 
use of different, methods for Mt-PK mRNA detection 
and differences in DM muscle biopsies resulting from 
secondary pathological alterations in atrophied mus- 
cles. To resolve some of these technical controversies 
we have analyzed the expression of Mt-PK mRNA by 
northern blot hybridization, in addition to RT-PCR, in 
primary muscle cell cultures from DM patients. Our 
data demonstrate that the level of the expanded 
transcript in a DM homozygous, and additional DM 
heterozygous patients, is significantly reduced relative 
to the normal transcript (L. Timchenko el al, unpub- 
lished observations). These data confirm the reduc- 
tion in levels of tlie enlarged transcript from the 
expanded allele, as was previously observed. 36 

Direct information about the strucnire and func- 
tion of the Mt-PK protein is very limited, with most 
progress having been made in immunological studies 
of Mt-PK A number of polyclonal antipeptide anti- 
bodies to the predicted protein sequence of Mt-PK 
were developed, all recognizing a 52-55 kDa protein 
in muscle extracts. 36,42 " 4 * One antiserum also recog- 
nized a major 42 kDa protein in brain. 43 However, die 
exact size of die primary translation product of Mt-PK 
mRNA is unknown. The Mt-PK mRNA contains five in- 
frame AUG codons, none of which possesses a 
favorable 'Kozak' sequence 4ft,4fi for the initiation of 
translation. It is possible diat leaky initiation could 
produce alternative protein isoforms. The size of the 
immunologically determined Mt-PK (55 kDa) corre- 
sponds to a protein initiated from the diird AUG 
codon. To search for the full-Icnglh Mt-PK isoform a 
number of different antibodies were also tested. Two 
species of antibodies recognized a 72 kDa isoform of 
Mt-PK that is presumed to be the full-length Mt-PK 



protein (L. Timchenko e.t al, unpublished observa- 
tions). The 52-55 kDa protein may be an alternative 
translation product of the Mt-PK mRNA, or a product 
of post-translational maturation. The identification of 
two isoforms raises several questions. Which iso- 
form (s) of Mt-PK is involved in DM pathogenesis? 
What is the steady suite level of the full-lengdi isoform 
in DM patients? To try and answer some of these 
questions, Mt-PK mRNA and protein expression were 
analyzed in muscle and fibroblasts cell lines derived 
from a homozygous DM patient. Reduction of the full- 
length (72 kDa) isoform was observed, correlating 
with the level of Mt-PK mRNA (L. Timchenko et al, 
unpublished observations). 

To determine which Mt-PK isoform is active in vivo, 
human fibroblasts were grown with 32 P-phosphate. 
Analysis of the phosphorylated proteins with antibod- 
ies against Mt-PK revealed the phosphorylation in vivo 
of the fidl-lcngth (72 kDa) Mt-PK isoform, bur. nor the 
55 kDa isoform (L. Timchenko et. al, unpublished 
observations). 

By homology with other kinases, Mt-PK is predic- 
ted to be a cAMP-dependent serine/threonine 
kinase. 8 " 10,34 Two groups simultaneously and inde- 
pendently expressed the Mt-PK as a fusion protein in 
bacterial cells and demonstrated the ability of Mt-PK 
to autophosphorylate itself in vitro. 47,48 Autophos- 
phorylation is a connnon feature of many kinases and 
may be involved in the autoregulation of Mt-PK 
activity. The substraLe specificity of Mt-PK has been 
investigated using synthetic peptides. These studies 
revealed that recombinant Mt-PK was able to phos- 
phorylate serine containing peptides in vitw (L. 
Timchenko etal, unpublished observations). Dunne et 
at, have also demonstrated serine/threonine specific- 
ity of Mt-PK in an in vitro assay with histpne HI as a 
substrate, in addition to aulophosphorylation activ- 
ity. 47 Taken together, these data show that Mt-PK, in 
agreement with its amino acid homology to other 
kinases, displays specificity for serine and dneonine 
residues. The enzymatic properties of Mt-PK have also 
been investigated using Mt-PK immunoprecipitated 
from human muscle tissue. 44 The authors demon- 
strated die phosphorylation of a tyrosine containing 
peptide. These results suggest that Mt-PK is a kinase 
witii dual activity, specific for serine/threonine and 
tyrosine residues, possibly mediated by different Mt- 
PK isoforms. 

The in vivo biological substrates for Mt-PK are 
currendy not known. Since DM is a muscle disease 
witii defects in muscle excitability, ion channels that 
are involved in the regulation of muscle activity would 
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appear to be good candidates for biological substrates 
for Mt-PK. In addition to DM, several other disorders 
are also characterized by defects in muscle membrane 
hyperexcitability and for most, of these diseases 
specific point mutations in ion channel genes have 
been found. Point mutations in the chloride ion 
channel gene have been identified in both Thomsen's 
disease 49 and for recessive generalized myotonia. 50 
For paramyotonia congenita and hypcrkalemic peri- 
odic paralysis, specific point mutations have been 
found in the sodium channel gene, 51 03 whilst hypoka- 
lemic periodic paralysis has been associated with 
mutations in the ctl summit of the calcium voltage- 
dependent release channel or dihydropyridine recep- 
tor (DHPR). 54 Our group investigated the in-vitro 
phosphorylation by recombinant Mt-PK of one of 
these candidate substrates, DHPR. Mt-PK was shown 
to be capable of phosphmylating the (i-subunit of the 
calcium ion channel in vitro.** However, the biological 
and/or pathogenic relevance of this phosphorylation 
in vivo, as well as the phosphorylation of other ion 
channels, remains to be determined. 

Conclusions 

DM is associated with the expansion of an unstable 
CTG repieal. in the 3' UTR of the Mt-PK gene. The 
instability of the repeats appears to account for many 
of the unusual features of DM including the extremely 
variable phenotype and the clinical anticipation. 
However, the molecular mechanisms that are respon- 
sible for triplet repeat expansions remain obscure. 

Although the general consensus is now that the 
expansion probably leads to a reduction in steady 
state Mt-PK mRNA and protein levels, it is unclear 
whether this reduction is the only factor involved in 
DM pa Lhogenesis. To understand the molecular basis 
of DM, all components of the signal transduction 
padiway that include Mt-PK should be identified. It 
has been demonstrated in other signal transduction 
pathways that small perturbations in the early stages of 
the pathway can lead to very large differences further 
down the cascade. If, however, DM were really a 
simple 50% loss of activity of Mt-PK we might expect 
to find other inactivating mutations in the Mt-PK 
gene. Although apparent DM phenocopies without 
expansions do exist; no additional Mt-PK mutations 
have so tar been reported. It is possible that in some 
non-expansion DM patients other genes encoding 
other proteins in the Mt-PK cascade, including possi- 
ble substrates for Mt-PK, may carry deleterious muta- 



tions. It is also possible that other genes close to Mt-PK 
may also be influenced by expansion of the repeat 
and much remains to be done to resolve the many 
uncertainties surrounding the pathogenesis of DM. 
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SUMMARY 

The mouse hepatoma cell line Hepa-1 was shown to express an aldehyde 
dehydrogenase (ALDH) isozyme which was inducible by TCDD and carcinogenic 
polycyclic aromatic hydrocarbons. The induced activity could be detected with 
benzaldehyde as substrate and NADP as cofactor (B/NADP ALDH). As com- 
pared with rat liver and hepatoma cell lines, the response was moderate (max- 
imally 5-fold). There was an apparent correlation between this specific form of 
ALDH and aryl hydrocarbon hydroxylase (AHH) in the Hepa-1 wild-type cell line 
— in terms of inducibility by several chemicals, However, the magnitude of the 
response was clearly smaller for ALDH than for AHH. Southern blot analysis 
showed that a homologous gene (class 3 ALDH) was present in the rat and mouse 
genome. The gene was also expressed in Hepa-1 and there was a good correlation 
between the increase of class 3 ALDH-specific mRNA and B/NADP ALDH 
enzyme activity after exposure of the Hepa-1 cells to TCDD. It is concluded that 
class 3 ALDH is inducible by certain chemicals in the mouse hepatoma cell line, 
although the respective enzyme is not inducible in mouse liver in vivo. 



Key words; Aldehyde dehydrogenase — Induction — Mouse • 
— Hepatoma 



Hepa-1 — Cell line 



INTRODUCTION 



Aldehyde dehydrogenase (aldehyde:NAD* oxidoreductase, EC 1.2.1.3, 
ALDH) occurs in most mammalian tissues, where it catalyses the oxidation of 
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aldehydes to carboxylic acids. It thus has a detoxicative function. There are 
several isozymes of ALDH. Induction of two distinct isozymes in rat liver is well 
documented. Phenobarbital was first discovered to enhance ALDH activity [1J. 
Mirex and DDT are phenobarbital-type inducers, which increase cytoplasmic 
ALDH activity characterized by preferentially catalysing the metabolism of pro- 
pionaldehyde or phenylacetaldehyde in the presence of NAD as cofactor [21. 
TCDD (2,3,7,8-tetrachlorodibenzo-p-dioxin) [2-4], polychlorinated biphenyls 
[2,5] and the polycyclic aromatic hydrocarbons /3-naphthoflavone [2,6], 3- 
methylcholanthrene [2,4-7], benzo[a]pyrene [4-7], chrysene [4,5,7] and benz- 
[a] anthracene [5,7] induce another ALDH isozyme, which differs from the 
phenobarbital-type enzyme, e.g. in its ability to oxichze benzaldehyde in the 
presence of NADP (B/NADP ALDH). The endogenous function of these induci- 
ble forms of ALDH is not known. 

Besides rat liver, ALDH is inducible by phenobarbital and several polycyclic 
aromatic hydrocarbons also in primary cultures of rat hepatocytes [8-10]. 3- 
Methylcholanthrene and benzo[a]pyrene strongly induce B/NADP ALDH activ- 
ity also in the rat hepatoma cell lines H4-II-EC3 and McA-RH7777 with in- 
termediate or low basal activities [11]. On the other hand, certain rat hepatoma 
cell lines express high constitutive B/NADP ALDH activity which is only 
marginally induced by these compounds [11,12]. 

In addition to a short-term exposure to various xenobiotics, also hepatocar- 
cinogenesis increases B/NADP ALDH activity in the rat [13 - 15]. The genes for 
the rat liver tumour-associated [16] and TCDD-inducible [17] cytoplasmic 
ALDHs have been cloned and shown to be identical [18]. These ALDH isozymes 
are referred to as class 3 ALDHs (ALDH3) according to the new nomenclature 
[191. 

As in the rat, B/NADP ALDH is also expressed in chemically-initiated mouse 
liver tumours [20,21]. However, in contrast to the rat, the induction of ALDH 
by TCDD or polycyelic aromatic hydrocarbons has not been convincingly shown 
in the mouse [3,22]. In the present report we describe the induction of B/NADP 
ALDH in the mouse hepatoma cell line Hepa-1 after a short-term exposure to 
these chemicals. Evidence is also given to show that the induced form of ALDH 
belongs to class 3 ALDHs. 

MATERIALS AND METHODS 
Cell culture 

A subclone Hepa-lclc7 of the mouse hepatoma cell line Hepa-1 [23] and the 
rat hepatoma cell line HTC [24] were obtained from Dr. D.W. Nebert, University 
of Cincinnati Medical Center, Cincinnati, Ohio. The cells were grown as 
monolayers in a-MEM supplemented with 5% foetal calf serum (irradiated), 100 
units/ml penicillin and 0.1 mg/ml streptomycin. The cell culture medium, foetal 
calf serum and antibiotics were purchased from Gibco (Paisley, UK). For ALDH 
enzyme activity and mRNA studies, 1.3 x 10 6 cells were plated on an 85-mm 
dish in 10 ml of the medium. The inducers were dissolved in dimethyl sulphoxide 
(DMSO). The final concentration of DMSO in the culture medium never exceeded 
0.5%. 
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ALDH and AHH assays 

To assay ALDH or aryl hydrocarbon hydroxylase (AHH) the cells were 
harvested 24, 48 or 72 h after the initiation of exposure to the inducers. Follow- 
ing removal of the medium, the cell surface was washed twice with 5 ml of cold 
Dulbecco's phosphate buffered saline without calcium or magnesium (1% NaCl, 
pH 7.2). The cells were scraped and collected as pellets to be stored at -80°C. 
The cell pellets were thawed and sonicated briefly in 1 ml of ice-cold 33 mM 
potassium phosphate buffer (pH 7.5) containing 0.25 M sucrose. ALDH activities 
were assayed at 37°C by monitoring the reduction of NAD(P) at 340 nm. The 
assay mixture (final volume 1 ml) for non-specific ALDH activity (P/NAD 
ALDH) contained 70 mM sodium pyrophosphate buffer (pH 8.0), 1 mM pyrazole 
I to inhibit alcohol dehydrogenase, 1 mM NAD as cofactor and 5 mM pro- 

'!>;: . pionaldehyde (dissolved in water) as substrate. For B/NADP ALDH activity 2.5 

c j }m mM NADP was used as cofactor, 0.1 mM benzaldehyde (dissolved in methanol, 

? ': final concentration 1%) as substrate and pyrazole was omitted. The blanks con- 

; taining no aldehyde were run for every sample. The activities were calculated as 

f> :. : nmol of NAD(P)H formed/min per mg protein. In ten different experiments car- 

a >■• ried out during a 1-year period, the B/NADP ALDH activity of DMSO-treated 

Y » " ; . (control) Hepa-1 cell cultures ranged from 2.9 to 13.4 (mean 6.8) nmol NADPH 

' 'f min " 1 mg protein " 1 . The highest activities were detected with freshly prepared 

* '"• benzaldehyde solutions. Therefore, some of the variations in the basal B/NADP 
r ALDH activities can probably be explained by slight variations in the assay con- 
c * S ditions. However, despite the differences in the control levels, the relative 
s response to the inducers was stable from one experiment to another. 

e AHH activity was assayed using a method originally described by Nebert and 

1 Gelboin 125}, with some modifications. The method is based on the hydroxylation 

e * : of benzo[a]pyrene to its 3-hydroxy derivative, which is measured fluorometrical- 

{ ly. Cell suspensions were incubated at 37°C for 15 min in a mixture (final volume 

n * • 1 ml) containing 25 mM potassium phosphate buffer (pH 7.5), 3.6 mM magnesium 

J ;.'::.y: chloride, 0.36 mM NADPH, 0.42 mM NADH, 675 jig of albumin and 80 nM 

0 \ I benzo[a]pyrene (dissolved in acetone, final concentration 5%). The reaction was 

1 stopped by the addition of 1 ml of ice-cold acetone and 3.25 ml of hexane. After 

* ■ vigorous shaking (vortex) a 2.5-ml sample of the organic phase was taken and 

extracted with 2 ml of 1 M sodium hydroxide. The fluorescence of 3-0H- 

* benzolalpyrene in the alkali phase was determined at the excitation and emission 
■ ; wavelengths of 391 and 517 nm, respectively. The assay was calibrated with 3- 

* ; OH-benzo[a]pyrene and quinine sulphate. The activity is expressed as pmol of 3- 
e OH-benzo[a]pyrene formed/min per mg protein. Protein was assayed by the 
y ^ method of Bradford [26] with Coomassie Brilliant Blue G-250 dye (Bio-Rad, Rich- 
s mond, California) and using bovine serum albumin as standard. 

, Southern blot hybridization 

H V • • 1 . J JL il 

e 
d 



♦ 



DNA was isolated from the cultured Hepa-1 and HTC cells using phenol ex- 
traction [27]. Digestions were carried out under standard conditions. Hybridiza- 
tion was performed with the nick-translated probe pl2x. pl2x was a 1.150 bp 
cDNA clone specific for the TCDD-inducible rat liver ALDH [17] and was a gift 
from Dr. T.J. Dunn, McArdle Laboratory for Cancer Research, University of 
Wisconsin, Wisconsin. 
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Analysis of RNA 

RNA was isolated from the cultured cells as previously described (28]. The 
purity of RNA was assessed by measuring the ratio between the absorbance 
readings at 260 nm and 280 nm. The concentration of RNA was determined at 
260 nm. For slot blot hybridization analysis, 7.5 or 15 fig of total RNA was 
diluted in 10 x SSC. The mixture was applied on a nylon filter through a filtra- 
tion manifold. RNA was fixed by UV light (254 nm, 5 min). The filters were 
prehybridized for about 4 h at 42°C in 15 ml of a solution containing 5 x 
Denhardt's solution, 6 x SSC, 0.5% SDS, 100 uglml denatured salmon sperm 
DNA and 50% formamide. The hybridization mixture also contained 0.01 M 
EDTA and the pl2x probe. In every experiment a duplicate filter was hybridized 
to a cDNA probe for hamster CAD (carbamyl-P synthetase, aspartate transcar- 
bamylase, dihydroorotase) gene [29). CAD was obtained from Dr. W. Liao, Stan- 
ford University Medical Center, Stanford, California and was used for the 
standardization of the amount of ALDH mRNA bound to the filter during slot 
blot hybridization analysis. The probes were nick-translated to a specific activity 
of ~3 x 10 8 counts/min per ng DNA and added to the hybridization mixture. 
The mRNA-DNA hybridization was carried out for 18- 24 h at 42°C. Following 
the hybridization, the filters were washed three times with 2 x SSC plus 0.1% 
SDS at room temperature and twice with 1 x SSC plus 0. 1% SDS at 60°C. The 
filters were then autoradiographed (Kodak X-Omat AR-5 film). The relative 
amounts of ALDH mRNA were obtained by densitometric scanning (500 nm) of 
the X-ray films and by integrating the surface areas of the peaks. 

RESULTS 

Induction of ALDH by various chemicals 

Hepa-1 mouse hepatoma cell culture was exposed to several compounds known 
to be inducers of either ALDH or the microsomal cytochrome P-450 system. The 
concentrations of several compounds were chosen based on their ability to max- 
imally induce AHH in Hepa-1 [28,30]. The non-specific ALDH activity was 
assayed with propionaldehyde as substrate and NAD as cofactor (P/NAD 
ALDH). Benzaldehyde and NADP were used to assay the ALDH form (B/NADP 
ALDH) which is inducible, e.g. by TCDD and carcinogenic polycyclic aromatic 
hydrocarbons in rat liver. Among the ten chemicals tested, TCDD (1 nM), 3- 
methylcholanthrene (1 fM), benz[a]anthracene (13 fM) and chrysene (25 fM) 
were able at least to double P/NAD ALDH activity (Table I). In addition to these 
chemicals, B/NADP ALDH activity was also elevated by benzo[a]pyrene (1 (M), 
a-and (3-naphthoflavone (10 pM) and CPBT (100 /iM). Under the conditions used, 
chrysene, benz[a]anthracene and TCDD were the most potent inducers of ALDH 
activities. Anthracene was not an inducer. Mirex (5-100/iM) and DDT (20 fM) 
had no effect on either ALDH activity. 

The time course of induction of ALDHs in Hepa-1 were studied for TCDD 
(1 nM), 3-methylcholanthrene (1 fM) and /3-naphthoflavone (10 pM). Maximal 
activities were reached after a 1- or 2-day-exposure of the cells to 
3-methylcholanthrene or /3-naphthoflavone and after a 2- or 3-day-exposure to 
TCDD. 
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TABLE I 

EFFECTS OF VARIOUS COMPOUNDS ON ALDH ACTIVITIES IN HEPA-1 CELL LINE 
Chemical * 



P/NAD ALDH b 



B/NADP ALDH b 



Control (0.6%DMSO) 


11.8 




13.4 




TCDD (1 nM) 


28.3 


2.4 x 


59.7 


4.4 X 


3-Methylcholanthrene (1 /»M) 


23.6 


2:0 x 


48.6 


3.6 x 


Benzo[a]pyrene (1 »iM) 


18.3 


1.5 x 


37.5 


2.8 x 


Benz[a]anthracene (13 pM) 


29.9 


2.5 x 


60.6 


4.5 x 


Chrysene (25 jiM) 


28.2 


2.4 X 


70.5 


5.3 x 


Anthracene (lOOjiM) 


9.4 


0.8 x 


12.5 


0.9 X 


a-Naphthoflavone (lO^iM) 


18.2 


1.5 x 


30.9 


2.3 x 


0-Naphthoflavone (10(iM) 


15.2 


1.3 x 


34.8 


2.6 x 


Phenobarbital (2 mM) 


14.7 


1.2 x 


22.6 


1.7 x 


CPBT* (100 iM) 


21.3 


1.8 x 


49.9 


3.7 x 



The cells were exposed for 24 h to the compounds dissolved in DMSO. The final concentrations are 
given in parentheses. 

•The specific activities (nmol NAD(P)H x min" 1 x mg protein ~ *) and the fold-inductions ( x ) 
compared with the controls are given. Each value represents the mean of duplicate disheB of cells. 
c 2-(4 ' -chlorophenyl)benzotniazole. 
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Fig. 1. Correlation of B/NDP ALDH and AHH activities in Hepa-1 cell line exposed to the com- 
pounds presented in Table I (except CPBT) for 24 h (AHH, pmol x min - 1 x mg protein " *) or 
48 h (B/NADP ALDH, nmol NADPH x min" 1 x mg protein" Each point represents the mean 
of duplicate dishes of cells. The abbreviations used are: ANF, or-naphthoflavone, ANTH, anthracene; 
BA, benz[o]anthracene; BNF, 0-naphthoflavone; BP, benio[olpyrene; CHR, chrysene; DMSO, 
dimethyl sulphoxide; 3-MC, 3-methylcholanthrene; PB, phenobarbital; TCDD, 2,3,7,8- 
tetrachlorodibenzo-p-dioxin. 
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Correlation between ALDH and AHH induction 

In Fig. 1 the B/NADP ALDH activities are plotted against the AHH activities 
for the compounds presented in Table I (CPBT excluded). The best correlation 
between these enzyme activities was drawn from data obtained when Hepa-1 
cells were exposed to these compounds for 24 h for AHH activity and for 48 h 
for ALDH activities. The correlation coefficients were 0.95 and 0.92 for P/NAD 
and B/NADP ALDH activities, respectively. 
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Fig. 2. Dose response of ALDH and AHH induction by TCDD (A) and CPBT (B) in Hepa-1 eel! line. 
The cells were exposed to the chemicals for 24 h. The results are expressed as fold induction 
calculated by giving the value 1 to DMSO-treated control cells. Each point represents the mean of 
duplicate dishes of cells. O, P/NAD ALDH; B/NADP ALDH; A, AHH. 
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i The dose response curves for TCDD and CPBT induction of ALDH and AHH 

are presented in Fig. 2. Maximal P/NAD ALDH, B/NADP ALDH and AHH ac- 
tivities were obtained with 2 nM TCDD. The maximal-fold inductions were: 1.7 

■;JM. : .: for P/NAD ALDH, 4.7 for B/NADP ALDH and 35 for AHH. Maximal P/NAD 

y > ALDH and B/NADP ALDH activities were obtained with 60 jiM CPBT, the fold- 

inductions being 1.8 for P/NAD ALDH and 4.8 for B/NADP ALDH. The max- 
j imal AHH activity inducible by CPBT was apparently not reached at the concen- 

;1 tration range used. With the highest CPBT concentration used (100 /xM), the 

' T l fold-induction was as great as 102. 

. Induction of ALDH by polycyclic aromatic hydrocarbons of different car- 

cinogenic potency 

v The non-carcinogenic polycyclic aromatic hydrocarbons anthracene and 

T.. phenanthrene did not increase either P/NAD ALDH or B/NADP ALDH ac- 

f |'v tivities at the concentration range of 5-100 pM. The weak or moderate car- 

! S cinogens chrysene and benz[a]anthracene increased both P/NAD ALDH and 

; B/NADP ALDH (Fig. 3) activities. Maximal activites were reached with 10-25 

ftM inducer. Chrysene up to 50 pM and benz[a]anthracene up to 25 /M were not 
f toxic to the cells. The potent carcinogens benzo[a]pyrene and 3- 

: ;. ; f; methylcholanthrene increased both P/NAD ALDH and B/NADP ALDH ac- 

^ f - ' . tivites. However, at concentrations higher than 5 j*M the activities started to 

decrease due to toxicity of the compounds to the cells. 




Concentration (\M) 

Fig. 3. Dose response of B/NADP ALDH induction by polycyclic aromatic hydrocarbons in Hepa-1 
cell line. The cells were exposed to various concentrations of benz(a]anthracene (BA), 
benzo[a]pyrene (BP), chrysene (GH) and 3-methylcholanthrene (3-MC) for 24 h. Each point 
represents the mean of duplicate dishes of cells. 
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Correlation of ALDUS mRNA levels with B/NADP ALDH enzyme activities in 
Hepa-1 

Southern blot analysis was conducted in order to find out whether DNA 
homologous to the rat TCDD-inducible class 3 ALDH-specific cDNA probe was 
present in Hepa-1. One or two bands for genomic DNAs digested with either 
EcoRl, BamHl, Hind III or Pst I were observed for both Hepa-1 and HTC cell 
lines. HTC was chosen as the positive control, because the cDNA probe used has 
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Control •. 




o 

T3 
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TCDD (rtM) 

Pig. 4. (A) Slot blot analysis of ALDH3 mRNA in Hepa-1 cell line. (B) Dose-dependent induction of 
ALDH3 mRNA (O) and B/NADP ALDH activity (•). The cells were exposed to various concentra- 
tions of TCDD for 24 h. The results are expressed as fold inductions. Each point represents the mean 
(± S.E.) of three independent experiments. 
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n f> ]' been shown to be identical with ALDH3 in HTC [17]. Only one band in the 

Southern blot strongly suggested that there was a very specific binding of the 
^ probe to only one gene. This also allowed us to use the slot blot analysis instead 

s of Northern analysis in the quantitation of class 3 ALDH-specific mRNA in 

r : \ Hepa-1. In order to compare the amounts of total KNA bound to the filters, a 

II ; duplicate filter was hybridized to a cDNA probe for hamster CAD gene [29]. The 

s •%. results were similar with or without correcting the data by CAD mRNA. 

1 . The time-dependent induction of ALDH3 mRNA and B/NADP ALDH activity 

in the Hepa-1 cell line by TCDD showed that the maximal mRNA level was reach- 
ed at 24 h. The enzyme activity was delayed by several hours and the maximal 
activity was reached after 48 h. The dose-dependent induction of ALDH3 mRNA 
: i; - and B/NADP ALDH activity correlated well (the correlation coefficient was 

f £ 0.93). The maximal-fold inductions were obtained with 5-20 nM TCDD (Fig. 4). 

I These data show that the amount of enzymatic activity is concordant with the 

specific mRNA levels. 

i ;, : 

?>.;:.- DISCUSSION 

* In the present study, an inducible B/NADP ALDH is described in the mouse 

hepatoma cell line Hepa-1. A preliminary report has been published earlier [31]. 
f : The inducers included TCDD, carcinogenic polycyclic aromatic hydrocarbons, a- 

and 0-naphthoflavone and CPBT. With the exception of a-naphthoflavone and 
f • CPBT, these compounds are known inducers of the B/NADP ALDH type 

isozyme in rat liver [2 - 7] . A peculiarity in the present observation is that, unlike 
:> . in the rat, the normal mouse liver cytosolic P/NAD or B/NADP ALDH has not 

been found to be inducible by TCDD [3] or 3-methylcholanthrene [22]. 
f -J The induction kinetics and magnitude of induction of B/NADP ALDH seen in 

the mouse Hepa-1 cell line was different from that previously observed in rat 
hepatoma cell lines. The fold-induction by 3-methylcholanthrene or benzoja] 
pyrene was 3 - 17-times smaller in Hepa-1 than that reported for the rat hepat- 
oma cell lines H4-II-EC3 or McA-RH7777 [11]. It should be noted, however, that 
Lin et al. [11] used very high inducer concentrations (1 mM) which according to 
our experiences would have been extremely toxic to the cells. In Hepa-1, max- 
imal induction of B/NADP ALDH was seen after 1-2 days of exposure to 3- 
methylcholanthrene, whereas in H4-II-EC3 it is not reached until after 4 days 
[11]. 

In rat liver, the induction of B/NADP ALDH appears to correlate well with the 
carcinogenic potency of the polycyclic aromatic hydrocarbon inducers [7]. In 
Hepa-1, a similar correlation was not obvious. No induction of ALDH by the non- 
carcinogenic polycyclic aromatic hydrocarbons anthracene and phenanthrene 
was observed. However, the weak or moderate carcinogens chrysene and benz[a] 
anthracene gave maximal ALDH activities as high or even higher than those ob- 
tained by the potent carcinogens benzo[o]pyrene and 3-methylcholanthrene. 
Maximal activities were, however, reached by lower concentrations of 
benzo[a]pyrene and 3-methylcholanthrene than of benz[a]anthracene and 
chrysene. A problem was that benzo[a]pyrene and 3-methylcholanthrene are 
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more or less toxic to the cells, manifested as a rapid decline of the activities as 
the inducer concentration was increased. This toxicity of the more potent car- 
cmogens makes the compamon of the inducing effects of the four polycyclic 
aromatic hydrocarbons rather difficult. 

In the present study no induction of ALDH by Mirex or DDT and only a 
marginal induction by phenobarbital was observed in Hepa-1. Because Mirex and 
DDT are phenobarbital-type inducers of ALDH [2], the results suggest that 
there is practically no induction of phenobarbital-type ALDH in Hep7-1 

Associations between the induction of ALDH and of the microsomal 
cytochrome P-450 system by phenobarbital [1,32-34] or TCDD [S 17] have been 
studied in rats and mice but no relationship has been found. However, Nebert 
and coworkers suggest that ALDH may be under Ah receptor control [35]. Hepa- 
1 possesses an inducible AHH [28,30] and offers thus a model to study the 
associations There was a good correlation between AHH and B/NADP ALDH 
induability by various chemicals. The only exception was CPBT which induced 
45 fold bvTTDD rvtZ °Z 10 ?- Md ' as compared with 4- and 
lv rVni r S, HaS j*** ° bserv6d to mduce AHH exceptionally strong- 

ly [30]. However, the same does not seem to be true for B/NADP ALDH Fur- 
thermore, the apparent correlation between AHH and B/NADP ALDH detected 
m the present study ^questioned by our preliminary results with AHH-deficient 
mutant cell lines of Hepa-1 which possess variable B/NADP ALDH activities 
Idl]. Those results are in concordance with the results of Dunn et al. [17] show- 
ing a lack of coordination in the regulation of the TCDD-inducible ALDH and 
^ rat - They °bserved that the induction of rat liver 
ALDH by TCDD differs from that of cytochrome P-450c (expressed as AHH) 
withregard to dose response relationship, induction kinetics and tissue specifici- 
at" n«7 Ver ' -Hf ^tity that Ah ]q <™ has some role in the induction of 
ALDH (especially B/NADP ALDH) cannot be ruled out conclusively and ad- 
djtional factors may be needed to explain the final responses 
In the rat, identity of the liver cytosolic ALDH induced by 3-methvl- 
^ n6 A ALDH and stomach ALDH has been sug- 

gested 36]. A very similar enzymatic species is found in normal rat urinary blad- 
der [67] and cornea [38]. A similar constitutive or inducible B/NADP ALDH is 
also present m certain rat hepatoma cell lines [11,12,39]. As in the rat, B/NADP 
ALDH is expressed in chemically initiated mouse liver tumours [20 21] Among 
the several constitutive murine ALDHs known [40], AHD-4 which occurs in 

!ZfnP T^L md , e y e ? SSUe l41 ' 42] ' ^ with certaint y ^ referred to as 
rs/NADP ALDH and IS therefore also a possible candidate for an analogous 
enzyme to the inducible B/NADP ALDH in Hepa-1 cells. Conclusive evident on 
the identity between rat and mouse B/NADP ALDH cannot, however, be drawn 
on enzymatic basis, especially because mouse liver cytosolic B/NADP ALDH 
seems not, unlike the rat enzyme, to be induced by TCDD [3] or 3- 
methylcholanthrene [22]. 

JS® ^5. W SJ? StUdy rektionshj PS between different ALDH isozymes is to 

SaDP aI™ ^ ^ "** CDNAS f0r the tumo^Sociatel 

unvAur ALVft (from the rat hepatoma cell line HTC) and TCDD-inducible 
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is I. B/NADP ALDH (from rat liver) appear to be identical belonging to class 3 

r- ALDHs [16-19]. In the present study, the identity of the putative analogous 

ic • enzyme in the mouse Hepa-1 cells with these class 3 ALDHs was studied. The 

i ' clone pl2x isolated from a cDNA library prepared from the liver of a TCDD- 

a * induced rat [17], corresponding to the middle two-thirds of the full-length cDNA, 

d was shown to detect specific DNA sequences in Hepa-1. Although there is a ten 

it ' amino acid residue segment which is invariant in all ALDH structures thus far 

known [18] (the nucleotide sequences do not have a perfect match), the specifici- 
il - ty of the probes for class 3 ALDH has also been proven in the rat [16,17]: the 

n probes recognize no sequences in normal or phenobarbital-induced rat liver. A 

•t ' further evidence for the identity of B/NADP ALDH in Hepa-1 with rat class 3 

i- ALDH was that there was a clear induction of class 3 ALDH-specific mRNA in 

e Hepa-1. The time course of induction of the enzyme and the corresponding 

I mRNA correlated well. The same good correlation was also seen in the dose 

d * ; response curve. 

i The tumour-specific and stomach ALDH seem to be the same in the rat and 

- : \ mouse. The only clear difference between the rat and mouse is the inducibility 

of ALDH by compounds like TCDD and 3-methylcholanthrene. How does one 
i * ; ; then explain the inducible B/NADP ALDH in the mouse hepatoma cell line Hepa- 

t 1 when the same induction is not seen in mouse liver in vivo? The system 

3 " : presented here may offer an interesting model to study the regulation of class 

3 ALDHs. 

i » : 
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